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SUMMARY

Thin films of AlSb, AlAs and AlP have been prepared by a
three-temperature reactive evaporation technique, while films of AIN,
BN and of two mixed nitrides, viz., (Al,Si) N and (Al,B) N, were depos-
ited using a reactive sputtering method. Reactive sputtering was also
used to produce filmé of AlSb. The structural, optical and electrical
propertieé of these films were examined and related to conditions of
deposition. The properties were compared with published data for these
materials in (where available) thin film, or alternatively bulk, single-
crystal form. Since AIN is known to exhibit piezoelectric behavior,
thin film transducer structures of this nitride were also prepared and
evaluated.

The freshly deposited films of AlSb were found to be struc-
turally and optically similar to bulk crystals. It was observed, how-
ever, thdat in times varying from a few hours to several weeks, both
structural and optical properties altered. The changes were caused by
hydrolysis of the compound when exposed to the laboratory environment
and were observed also in films of AlAs and A1P. The structural alter-
ation took the form of a change from a well-crystallized deposit to an
amorphous-like one, the change taking place initially at the exposed
surface. Granular deposits prepared at elevated temperatures were ob-
served to degrade most rapidly. Optical change was evident in the form
of marked increase of absorption in the visible and ultraviolet. Elec-
trical measurements on some films contacted with tantalum showed the

presence of a strong photovoltaic effect. Measurements of the spectral



variation of this effect indicated that it arose from a barrier-like
phenomenon. Analyses of the data led to reasonable values both for the
band gap of A1Sb and the work function of tantalum.

Sputtered films of AlSb acquired a highly oriented structure
at temperatures near 650°C, while evaporated films were only partly
oriented. An-investigation of relative growth rates at these tempera-
tures showed the following: AlSb (evaporated) " 300 A/min; AlSb
(sputtered) ~ 50 K/min. The effect of exposure to the atmosphere was
identical to that reported for the evaporated films.

AlAs films were prepared by the reactive evaporation method
and are believed to be the first produced by this method. X-ray examina-
tion showed the films to consist mainly of the bulk cubic phase although
electron diffraction studies on some Al-rich films revealed that sur-
face layers comprised a highly oriented wurtzite modification. Optical
data were consistent with indirect band gap of 2.1 eV (in agreement with
the bulk form). Electrical measurements suggested that the measured
conductivity of the films was dominated by a spread of shallow impurity
levels which could not be characterized by a single activation energy.
The change in properties when exposed to air was less drastic than that
experienced by the Al1Sb films, the optical absorption decreasing after
a prolonged exposure.

AlP was also prepared in thin film form by the reactive
evaporation method. Experience with the chemical instability of both
the Al1Sb and AlAs films led to use of alcohol-filled containers to pro-

tect the AIP film during optical and electrical studies. The optical



absorption data are consistent with a compound with an absorption edge
near 2.5 eV, again ir. good agreement with the bulk compound. Structur—
ally the film was found to adopt the cubic bulk form possessing a weak
(110) fibre texture. The electrical resistivity studies suggested that
conductivity was influenced (as in the AlAs films) by a spread of shallow
impurity levels.

.Study of the properties of reactively sputtered AIN films
comprised a considerable part of the overall program. The emphasis on
this compound was motivated by excellent chemical stability character-
istics and by the observations of good dielectric behavior. Structur-
ally, films of AIN assumed the bulk, wurtzite (hexagonal} arrangement.
Epitaxial deposits were prepared on single-crystal Si and SiC substrates
and strongly textured films on vitreous silica. Optically, the
films as—deposited in a high-pressure glow-discharge system showed
absorption characteristics with an anomalously low edge, which suggested
the presence of nitrogen vacancies or argon occlusion (a similar effect
had been observed in experiments dealing with argon annealed single
crystals). Annealing in nitrogen at temperatures near the depositing
temperature was required before the bulk absorption characteristics
(with an absorption edge near 5.9 eV) were observed. Later experimenta-
tion with a low pressure triode sputtering arrangement yielded films
with the bulk properties in the as-deposited state.

Refined optical measurements performed on both AIN and BN films
provided reliable values for the absorption edge in films of these

materials. In AIN, E, = 5.9 + 0.08 eV; in BN, E, = 5.7 + .05 eV. The



value obtained for BN is consistent with an isotropic form of the com=~
pound. Absolute determinations of absorption coefficient were not forth-
coming from these measurements. The mosaic-like structure of the AIN
and the microcrystalline form of BN facilitate light scattering processes
within the films which produce an added "effective" absorption.

Although AIN films seemed unsuitable as semiconductors, di-
electric measurements indicated possible use as a refractory dielectric.
The room temperature value of dielectric constant, ¢, was that of the
bulk, 8.5. Both ¢ and the dissipation factor, D = tan §, showed less
variation with temperature (25° to 350°C) than for the bulk ceramic
material, indicating fewer conductive impurities. Observations of
electrical breakdown and conduction behavior showed that films, less
than 1500 A thick, demonstrated erratic behavior under applied voltage.
This effect was attributed to leakage at grain boundaries. Films of
greater thickness showed no instability until fields greater than
9 x 106 V/cm were applied. The main features of the I-V characteristic
at low fields were reversible and consistent with a space-charge limited
mechanism. However, at higher fields the characteristics became un-
stable and changed irreversibly.

Thin film AIN transducers were prepared by reactively sputter-
ing from a high-purity Al target onto faces of heated, single-crystal
rods of A1, O

273’

was along its long axis, thus, acoustic microwave pulses when applied

The rod was chosen so that the crystallographic c—axis

set up longitudinal waves in the rod. The measure of transducer

efficiency was the ability of the AIN films to attenuate the acoustic



wave train (a measure of electromechanical coupling). This ability de-
pends strongly on film orientation, the more nearly film-substrate
orientations are similar, the better the coupling. When deposited at
820°C, a strong (0001) fibre orientation is normally observed in the
films. Piezoelectric evaluation indicates performance of such films is
similar to that of well-oriented CdS films.

ASiBNA and BN were introduced, separately, into AIN films in an
effort to suppress the crystalline habit of ALN (pyrolytically deposited
BN films are virtually amorphous). The motivation was the stabilization
of films thin enough to yield reasonable values of capacitance without
having to resort to large area electrodes (the AIN values for capaci-
tance per unit area are 0.04 uF/cm2 for a 2000 Z layer).

Mixed films of the AIN-BN mixture were reactively co-sputtered
from aluminum and boron targets. The experiments on these films must
be regarded as only partly successful. Some reduction of crystallinity
could be achieved in all deposits, the structure becoming more amorphous-
iike as the BN content increased (films containing about 40% BN, however,
were not yet truly amorphous). Furthermore, deposits prepared at temper-
atures between 600° and 900°C showed limited solubility of BN in A1N,
w6-7%, resulting in a crystalline AIN-like phase. The solubility was
estimated from the shrinkage of the original AIN cell. The overall
boron content of the films was determined by electron microprobe measure-
ments. Thus, unless the films contained a very high proportion of BN
(>50%) completely amorphous structures were not forthcoming; the very

high-proportion BN films, it is assumed, would reflect the BN properties



rather than those of AIN. When measurements of dielectric constant and
loss were made at room temperature on mixed deposits (257 atomic weight
boron), the results were €y ¥ 6.9 + 0.3, a value as might be expected
for a mixed film. Dissipation factor D, had increased over that for
pure ALN, the value (100 kHz) being 0.035. Breakdown fields are found
to exceed 5 x lO6 V/cm.

Several experiments utilizing a MIS configuration were per-
formed to observe conduction behavior differences of the mixed (A1,B)N
films from those of pure AIN when subjected to an electric field. 1In
the latter, application of a field resulted in what appears to be the
motion of both positive and negative ions. An alternate explanation is
that the AIN film is polarizable and that the degree and direction of
the polarization are determined by the magnitude of the sweep voltage.
Since the AIN structure is piezoelectric, one suspects the polarization
as being stress induced. In mixed (Al,B)N films, the polarization be-
havior is not apparent, interface charge instead being responsible for
the sense in which the C-V loop is traversed.

Films of the AlN--SiBN4 mixture were reactively co-sputtered
from cathodes with nominal Al1:Si ratios of 6:1 and 1:1. The behavior
of the former differed only slightly from the pure AIN films showing
similar optical and electrical properties. Films prepared from the
latter cathode, however, assumed an almost amorphous structure and com—
pletely reversible I-V characteristics which displayed a trap in-
fluenced space-charge limited behavior. Dielectric properties were more

erratic and demonstrated an added dispersion with frequency.



Deposition of BN alone was next studied, both to ascertain
the properties of the pure phase relative to that of mixed (Al,B)N and
to compare such films to others reported in the literature. The re-
active sputtering technique was again used. 1In these experiments, the
cathode comprised plugs of boron imbedded in a BN matrix.

Structurally, the films were microcrystalline (crystal size
< 50 2). Initially, the dielectric properties deviated appreciably from
those of the bulk. Much of this was later traced to interaction between
film and substrate. When tantalum was used as the bottom electrode,
films of BN retained good values of e, i.e., 3.7 £ & £ 5.1. These
values compare favorably with both pyrolytically deposited films
(¢ = 5.1) and hot pressed bulk BN (¢ = 3.9). When platinum was used as
the bottom electrode, values of ¢ varied from 0.8 to 1.5. The effect
became progressively worse as the temperature during depcsition was
raised. When the temperature was sufficiently high, ~ 8C0°C, a Pt-B
phase was likely formed. (The formaticn of "Pt-B" is partly indicative
of a reluctance of beron to convert fully to BN and suggests that even
in the deposits prepared on Ta electrocdes a non-stoichiometric, boron-
rich, nitride may exist. An appreciable solid solution cf boron in Ta
is also known to exist in samples quenched above 1000°C.) The best
films prepared by reactively sputtering boron in an argon-nitrogen mix-
ture show very little change of ¢ with temperature between 20° and
500°C. The variation is less than that observed in the bulk. When the
digssipation factor was measured, room temperature values ranged con-
sistently between 0.02 and 0.07 (film thicknesses between 1000 and

5000 A). These values are considerably greater than those reported



for thick pyrolytic deposits, e.g., in 75-100 um deposits, D ¥ 1.4
X 10_4, but compare more favorably with thin pyrolytic deposits (5000 Z)
on Cu and Mo, viz., .003 < D < .0l. When thicker sputtered deposits
were prepared (1-3 pm) on Ta, values of D decreased, D < .005.

Deposits prepared on silicon in the MIS configuration indicate
that ion motion is associated with the dielectric layer. Although the
evidence is circumstantial, the presence of unreacted boron is again

suspected.



1. INTRODUCTION

Comparative studies of the preparative aspects and of the
structural, electrical and optical properties of films of member
compounds of the Al-V group were the primary objectives of this program.
Encouraging results from the most refractory member of the group, viz.,
AIN, later fostered increased interest in a boron analogue of this
compound, i.e., BN, which appeared to possess similar optical and
electrical properties.

The A1-V compounds represent a particularly interesting group
because of the broad range of electrical and optical properties covered
by its members. AlSb, for example, possesses an energy gap comparable
to that oﬁ Si and a spectral response which is almost a theoretical
match to the solar spectrum. Light emissive junctions with frequencies
in the visible and ultraviolet appear feasible with AlP. AIlN, with a
band gap greater than SiC seems suitable as an insulating coating for
integrated circuitry providing both mechanical and environmental protection.
Use as a capacitive layer in active and passive thin film devices is
also contemplated for this compound. Some collected bulk properties
of the various compounds are given in Table I.

Of the Al-V group, only AIN and Al1Sb have been studied to
any extent. The difficulty of preparation (all of the compounds melt

only in an overpressure of the Group V element) making melt~growth and
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zone refining techniques difficult to apply, and the chemical instability
of several of the members (AlP reacts readily in moist air and is a
known generator of phosphine (Ref. 1); AlAs (Ref. 2) and AlSb (Ref. 3)
deteriorate rapidly on exposure to a normal atmospheric environment)
have limited the scientific investigation.

In its bulk form, AIN has been used for many refractory
purposes,. e.g., for crucibles, furnace walls, etc. (Ref. 4). Fabrication
of such components is by hot-pressing AIN powder with an organic binder
and sintering. In this form it is similar to polycrystalline alumina
(Ref. 5) regarding dielectric properties, e.g., € (AIN) = 8.5;
a(A1203) = 9.0. The compound is chemically resistant to oxidation at
high temperatures but can be attacked by concentrated solutions of NaOH.

More basic interest in the AIN has been generated in recent
years as preparative techniques have improved. Small single crystal

platelets, prepared mainly by the nitriding of Al vapor in N, at

2
temperatures between 1800° and 2200°C, have been used for fundamental
investigations of optical absorption behavior (Ref. 6), lattice
vibration spectra (Ref. 7), and of defect structure (Ref. 8,9). Such
crystals tend to be both small in area (v 1 mmz) and colored by impurity
components, the most common being oxygen or carbon (Ref. 5). Efforts

to increase size and improve purity and to adapt the material to a

form suitable for use in modern microcircuit technology have resulted

in the preparation of AIN by numerous vapor deposition schemes. These

include: the pyrolysis of AlCl, and NH3 (Ref. 10), the plasma assisted

3
decomposition of AlCl3 (Ref. 11), chemical transport of AlN via

hydrogen and ammonia halides, (Ref. 12) and reactive evaporation

11



(Ref. 13,14) and reactive sputtering of Al (Ref. 15). Imn general,
considerable success has been achieved by these techniques. Oriented
deposits,often epitaxial, ha&e been prepared on several substrates
(Ref. 10,15). Dielectric properties of reactively sputtered and
chemically deposited films exhibit limited dispersion over a wide temp-
erature range; 20°-350°C (Ref. 15,16). These data imply film purity
better than that obtainable in the hot—pressed bulk AIN. AIN films
prepared by reactive evaporation (Ref. 13) have recently been used as
microwave acoustic transducers (AlN is piezoelectric as a consequence
of a wurtzite structure-space group Cgv)' Great interest resides in this
partiéular application where room temperature transducer performance
may be extended to temperatures greater than 400°C.

AlSb has been prepared in both bulk and thin film form. The
former is achieved by pulling techniques (Ref. 17,18) utilizing
antimony seeds and aluminum melts or by float-zone methods (Ref. 19).
P-type ingots are most common. Vacuum evaporation techniques (Ref. 20,21)
have also been used to prepare thin films of AlSb. Co-evaporation of the
separate elements is by far the favored method since direct evaporation
of a powdered charge tends to decompose, the volatile Group V element
evaporating or subliming more rapidly.

Some success in preparation of large area deposits of AlP
has been achieved by the use of chemical methods similar to those used
for AlN, i.e., the heterogeneous reaction of a volatile Al-halide with
a group V vapor at the surface of a heated substrate. Reid, et al.

(Ref. 22) found that the iodide of aluminum is to be preferred in the
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epitaxial growth of AlP on silicon or GaAs since the transport of the
aluminum can thus be effected at a lower temperature than by use of a
chloride carrier. A lower source temperature is preferred to prevent
contamination via reaction with the walls of the silica reaction chambers
which are normally used. Other preparations have utilized the direct
reaction between aluminum and phosphorus (Ref. 1) or phosphine (Ref. 27
or the heating of a stoichiometric mixture of aluminum and zinc phosphide
(Ref. 24). 1In these reactions, however, the resulting products generally
comprise small crystals in an aluminum matrix.

AlAs is perhaps the most difficult of the Al-V compounds to
prepare in bulk form. The main difficulty appears to be a technological
one involving the melt-container reaction. Limited success has been
achieved by crystallization from solution at an arsenic pressure less
than 1 atm. by slow cooling an aluminum rich melt (Ref. 25) (alumina
crucibles are preferred). Small crystal platelets (p-type) in a matrix
of solvent are the products of this reaction. Impurities include alumina
from the crucible. <{rystallization by a casting technique at an arsenic
pressure of 2 atm has also produced the compound (Ref. 26) as has direct
heating of aluminum and arsenic in sealed ampoules (Ref. 27,28). No
reference to thin films of AlAs were uncovered during a literature
survey of the compound.

BN, introduced at a later stage of the investigation, is another
refractory material which in bulk form is used to fabricate crucibles.

It possesses both high thermal conductivity and low thermal expansion
(Ref. 29). It is less brittle than AIN and is inert to most reagents

even at high temperatures. As with AIN, preparation of the bulk is
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usually by hot-pressing a powder together with binding and fluxing
agents. Purity of the compound is thus limited and physical and
electrical properties are degraded. The pyrolytic reactions of ammonia
with either the hydride (Ref. 30) or chloride (Ref. 31) of boron have
also been used to prepare BN. Bulk pyrolytic BN so prepared is of
reasonably high purity and exhibits dielectric properties (¢ = 5.12,

D= 1.4 x 10_4 (Ref. 32), which are more uniform and more representative
of BN than those of the hot-pressed material. There is relatively little
reported on thin films of BN. Data reported for pyrolytically prepared
films indicate considerable variations of conductivity and stability
with temperature of deposition. Doping of Si substrates with boron is
also prevalent (Ref. 30) since temperatures between 600° and 1400°C are
required to promote reaction. The very high temperatures sometimes
required, in fact, place severe limitations on available substrates.

The aim of the present experiments regarding BN deposition was to explore
deposition by reactive sputtering using apparatus and technology
developed for the study on reactively sputtered AIN (Ref. 15). Reaction
at low temperatures was anticipated from the earlier AIN results
which should be more compatible with temperature limitations of semi-
conductor device technology. Dielectric and optical properties have
been studied and potential MIS devices using BN as the insulating dielectric
were examined.

The authors wish to thank Drs. W. J. Choyke, J. DeKlerk,
J. E. Johnson, and W. J. Takei for specialized technical assistance

rendered during the course of the investigation.
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During the course of the Contract several publications were
issued with the permission of NASA-ERC. These included, "Dielectric
Properties of Reactively Sputtered Films of Aluminum Nitride'", J. Vac.
Sci. Technol., 6, 1969, pp. 194~7 and "Structural, Optical and Dielectric
Properties of Reactively Sputtered Films in the System AIN-BN'", J. Vac.

Sci. Technol., 6, 1969, pp. 722-6.
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2. EVAPORATED FILMS

2.1 Aluminum Antimonide (AlSb)

2.1.1 Preparation - Essentially the same approach was used to prepare
films of AlSb as that described by Johnson (Ref.20) and by David et.al.
(Ref.21). However, the geometry of the deposition system was modified
in order to obtain more film samples in a single pump-down. An aluminum
metal charge (99.9987%) was contained in a BN crucible which was mounted
in a resistively heated tantalum holder (Fig. 1A). The antimony, in the
form of small lumps, was distributed uniformly around a resistively heated .
circular V-shaped trough made from 5 mil tantalum sheet. Quartz shields
were provided so that the antimony source was shielded from the aluminum
and the vapor mixture could exit primarily through an aperture at the top
of the reaction chamber. Substrates, contained in resistively heated
tantalum envelopes were mounted on a sectored wheel (Fig. 1B) which
could be rotated externally so as to bring them sequentially over the
aperture. Excess vapor which bypassed the substrates was collected in a
tantalum canopy clamped to a liquid nitrogen trap above the reaction chamber.
Views of the complete system are shown in Figs. 2 and 3.

Calibration curves of substrate temperature (measured at the
front face of quartz substrates) vs. heater current were plotted for
substrates heated in the tantalum envelopes. The antimony and aluminum
source temperatures were measured directly during each run with a

thermocouple and optical pyrometer, respectively. The substrate temperatures
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Fig. 2 System for growth of AlSb films by three temperature
evaporation methods.
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ranged from 500 to 750°C, antimony source temperature from 495°C

(V.P. 2 x lO—3 torr) to 540°C (V.P. 10—2 torr), and the zluminum
temperature was held constant at 1200°C. A simple calculation based

on these vapor pressure values and on the geometry of the svstem
indicates that this range of Sb source temperatures should correspond

to an ideal range of Sb/Al vapor flux ratios of 4 to 1. Typically,
with an Sb source temperature of 520°C and substrate temperature of
600°C, a growth rate of about 300 ) per minute was obtained. Substrates

used included (111) crystals of CaF (0001) oriented sapphire (A1203)

2!‘
crystals, (111) silicon wafers and vitreous silica (often coated with

sputtered Ta to facilitate electrical measurement).

2.1.2 Structural Properties -~ When efforts were made to examine

the crystallinity and orientation of the AlSb films using reflection
electron diffraction, meaningful results were not obtained since the
patterns yielded only diffuse diffraction features consistent with an
amorphous surface structure. To obtain a more representative character-
ization of the entire film, the deposits were studied by glancing-angle
X-ray diffraction using a Philips powder camera. The results showed that
in each case, despite the amorphous surface layer, the films immediately
after preparation possessed well-crystallized, and in many cases,
strongly oriented structures.

Most of the samples examined were single-phase with the cubic
zinc blende type structure of Al1Sb. 1In those cases where a second phase
was present, this was identified as Al and its appearance could be

accounted for by the fact that the Sb source was depleted or that its
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temperature had fallen during the run. In contradiction to the claims
of David et. al. (Ref.21) who reported free Sb in films deposited at temp-
eratures below 650°C, no uncombined Sb was detected in the present study
even at 550°C. This is consistent both with the earlier work of
Johnson (Ref.20) in these laboratories and with the findings of
Gunther (Ref.33) who reports 400°C as the lowest condensation temperature
for Sb on InSb.

Structures varying from randomly oriented to almost completely
epitaxial were obtained on the (111) face of Can. Very strong (111)
and (110) fiber orientations were produced on amorphous quartz substrates
and, as shown in Table II, these appear to vary markedly in type with the
temperature of deposition. Similar effects are found in both evaporated
Ge films (Ref.34) and in sputtered (Ref.35) and co-evaporated (Ref.36) GaAs

films deposited on vitreous silica.

2.1.3 Optical Studies - Absorption spectra for AlSb films deposited
at from 600 to 700°C onto CaF2 or sapphire were also studied. Measurements
were made with a Cary spectrophotometer over a wavelength range 1900 &
to 20,000 L. o significant differehce in the spectra was noted for
the various preparations, except for anticipated thickness dependences.
Portions of the spectra from several films are plotted in Fig. 4. Data
in this figure have been plotted only for those regions where the
transmission is less than 107, for which effects due to surface contam-
ination and oxidation are least significant (Ref.37). Results from
those samples exhibiting strong interference patterns near the 1.6 eV edge

were not included.

22
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Absorption spectra of AlSb films (significant features
found by reflectance spectra are indicated by the
arrows, including the band-gap value of 1.6 eV).
Samples Z-197-3 and Z-199~1 are on CaFp; Z-197-4 is

on sapphire.




The single feature most prominent in the several regions of
the spectra is that the several peaks observable at energies greater than
the 1.6 eV absorption edge are all at energies less by about 0.1 eV than
those tabulated from reflectance measurements on single crystals. This
difference could be due in part to the difference in absorption versus
reflection measurements and also, in part, due to the effects of
impurities. and structural disorder on the band structure of the material
(Ref.37 ). The absorption at energies just below the fundamental 1.6 eV
edge also show added components which are due to states within the
forbidden gap.

When AlSb films wererallowed to age, they soon became visibly
darker and more opaque. In this state, some were re-measured. A
typical observation was that made on sample Z-197-4, the original absorp-
tion spectrum of which is given in Fig. 4. After several months storage
in a nitrqgen box, the spectrum was similar but a 1% transmission screen
was required in the reference compartment of the spectrophotometer. Thus,
a reduction in transmission to V1% of the earlier value had occurred.

2.1.4 Chemical Stability - As shown by the change in optical

properties referred to above, the AlSb films, even when grown at thick-

nesses up to several microns, are highly unstable; Sorokin (Ref. 38)

reports notable changes in resistivity and photoconductivity on removal from

the vacuum chamber. Efforts were made to determine the character of the

chemical and structural changes involved but these met with limited success.
Glancing angle X-ray diffraction patterns were obtained from

films prepared on cleaved CaF, and on vitreous silica substrates at

2

times varying from a few hours to several weeks after the samples had
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been prepared. The results obtained differed widely and showed that
complete structural degradation could occur in times varying from about
three days to two weeks depending upon the substrate material and growth
temperature used. .The effect observed involved the transformation from
a well-crystallized single AlSb phase to an amorphous product which
could not be identified by X-ray diffraction. Low temperature annealing
at 250°C of the amorphous films in an argon (1% H2) ambient caused severe
peeling and resulted in the development of a crystalline Sb phase, some
amorphous material still remaining. It was concluded that this amorphous
component was probably an anhydrous, or possibly hydrated, oxide of Al.
The wide differences found in the rate at which the film
structures deteriorated may be attributed to differences in the mor-
phology of the films. In general, those deposits prepared at higher
temperatures were more granular and rougher and showed a tendency to
degenerate more rapidly due presumably to their larger -effective surface
area.

2.1.5 Electrical Studies - AlSb film samples co-evaporated at a

temperature of 600°C, a nominal Sb:Al flux ratio of 5:1, and a total
deposition rate of 300 K/min onto vitreous silica substrates carrying
metal film electrodes were used to investigate some electrical properties.
Initially, measurements were made under vacuum on a film, 4 microns thick,
deposited on sputtered Ta stripes. Resistances measured between stripes
were very high, > 10lO ohms, and showed a small and unsystematic
dependence on temperature. It appeared that the high resistance was

probably due to a barrier layer at the Ta/AlSb contact.
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This hypothesis was confirmed when it was found that a photo-
voltage of several millivolts (open circuit) could be developed by
shining a microscope illuminator on the sample. The strongest photo-
response came when the light was shone onto the AlSb directlyv over one
of the electrodes.

The light energy dependence of the photovoltaic effect was
determined.by placing the sample in the beam from a monochromator, and
measuring the short-circuit photocurrent, of the order of 10 pico
amperes, with a Keithley 153 millimicroammeter. The intensity of
illumination of the sample varied with wavelength as a quartz-iodine
tungsten light source operated at constant voltage was used to illumi-~
nate the monochromator entrance slit. The relative energy of the beam
as a function of wavelength was determined with a thermopile detector.

In Fig. 5, the relative photoresponse per incident quantum is
plotted against the wavelength of the light and a reasonably linear
correlation is seen, similar to that found by Abraham (Ref.39).

Mead and Spitzer (Ref.40) have also obtained similar data using
single crystals of AlSb and other semiconductors that were fitted with
evaporated gold electrodes under conditions such that no impurity layer
was present between the AlSb and the gold film. By plotting the square
root of the photoresponse of the Au/AlSb photocell vs the light energy,
Mead and Spitzer were able to determine both the indirect and the
direct band-gap of Ale. The procedure involved decomposing the (photo-

1/2

response) vs energy data into a series of straight lines by a

graphical procedure.
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In Fig. 6, ve have similarly treated our photoresponse data.

The square points are the raw data.
the points at lowest energy. Then,

this extrapclated straight line was

A straight line was drawn throughb
1/2
the (photoresponse) value of

subtracted at each energy from the

raw data points. The result is the sequence of circular points, which

show another straight line behavior that extrapolate to zero at hv = 1.5 eV,

a value within experimental error of 1.6 eV, the indirect edge of AlSb.

It is interesting to note also that the present low energv data

extrapolate to zero at 1.03 eV while the low energy data of Mead and

Spitzer extrapolate to zero at 0.90 eV. The difference, 0.13 eV, is

in excellent agreement with the difference between the "recommended
values™ for the work functions of Au, 4.3 eV, and Ta, 4.12 eV which is
0.18 eV (Ref. 41). The implication of this result is that a metal-
semiconductor contact of high quality has been obtained comparable to those
obtained by the sophisticated cleavage technique of Mead and Spitzer.

The measurements described above, however, do not provide
information on the electrical resistivity of the AlSb film itself since
the metal-semiconductor barrier dominates the measurements. When
the Ta stripes were over—coated with Ni, reasonable ohmic contact to
the A1Sb film was obtained. During growth of the AlSb film (to a
thickness of 1 micron), the resistance decreased in a manner suggesting
that bulk—-type behavior (i.e. an absence of size gffects) was obtained
after the first 1500 g was deposited.

It was found that quite reproducible resistance-temperature

behavior was obtained as a given film was cycled in vacuum over the

range from the deposition temperature 600°C to ~30°C, as shown in
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Fig. 7. Over this temperature range, the film resistivity varied from
about 2 x 105 ohm~cm at 30°C to 50 ohm-cm at 600°C.

Data from two runs are plotted in Fig. 7. It can be seen
that for each film the data lie on two linear segments with a transi-
tion at about 300°C. The activation energies derivable from these data
are not the same for the two films although the high temperature
range is dominated for each film by a level at near mid-gap, 0.8 eV.

At lower temperatures, values of 0.23 and 0.32 eV were found.
It is not clear why these low temperature values differ but it is
conceivable that the difference is mainly a matter of the stoichiometry
achieved in the film deposition, since Kover (Ref. 42) has attributed a
donor level at 0.3 eV to Sb vacancies. It should be noted that
Shaw and McKell (Ref. 43) have reported a level at 0.8 eV in high
resistivity single crystals.

The resistivity of a semiconductor can be expressed as

1

= (1
ney + peup

where n and p are the electron and hole concentrations and M and y
are their respective mobilities, while e is the electronic charge. The

concentrations, n and p, can in turn be expressed as

n= NC exp (—Efn/kT) (2)

and

p =N exp (-Efp/kT) (3)
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where NC and NV are the conduction and valence band densities of
states. The sum of the electron and hole Fermi energies, Efn and Efp
are equal to the value of the energy gap, Eg (=1.6 eV) when the sample
is at thermal equilibrium.

From Egqs. (1), (2), and (3) it can be deduced that the resis-—

tivities at two temperatures should be in the ratio

- T
P n. eu Mo, w1
T2 ) Tl Tl ) 11 exp ( nfn/le) “
P n, eu H T
T T, T T 2
2 -
1 2 2 exp ( Efn/kTZ)

if only one carrier dominates the conductivity at a given temperature.
If an atterpt is made to compute the resistivity ratio from
Eq. (4), the result is comparable to experiment only if the mobility ratio
is given an impossibly large value, with the 0.8 eV portion of the
curve having the larger u. Small values of the ratio could be explained
by a variety of phenomena but the ratio seems much too large if it is
assumed, for example, that conduction occurs by both holes and elec~
trons at higher temperatures and by electrons alone at lower tempera-
tures.
It therefore appears that the data of Fig. 7 do not represent
a "bulk" property of AlSb films. Explanation of the data probably
lies in a "barrier' phenomenon, but it is not clear just what kind of
barrier is involved. The governing phenomenon may be intergranular

contacts, micro-cracks, or metal-semiconductor barriers.
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2.2 Aluminum Antimonide - Reactively Sputtered

The preparation of AlSb by an alternate technique, viz.,
reactive sputtering was also achieved during the course of the present
studies. Essentially, the method is similar to that described for AIN
in Sec. 3.1.1, the Al substrate, substrate holders, experimental chamber
and conditioﬁs for deposition being virtually identical. The scheme
differs only in the.means of injecting the group V element, in this case

Sb, into the discharge in a gaseous or vapor form.

2.2.1 Preparation - An Al cathode designed to hold a number of
solid Sb pieces was fabricated, as shown in Fig. 8. It was expected that
the heat generated in the cathode by the discharge would provide a
sufficient vapor pressure of Sb. A thermocouple was installed to monitor
the temperature of the cathode during sputtering. With operating con-
ditions approximating those of the AIN experiments, an equilibrium
éathode temperature of 435°C was reached. The corresponding Sb vapor
pressure was 10_4 torr, which should provide an arrival rate of Sb at
the substrate surface Of approximately 150 monolayers per minute.

Films were deposited on CaF2 (111) substrates heated in the
range 400 to 700°C; the temperature was. confined to this range to pre-
vent both condensation of excess Sb and thermal etching of substrates.
Thicknesses of deposited films indicated growth rates of less than
SO,Z/min. This relatively slow rate together with the blackened appear-
ance of the cathode surface implied that an Al-Sb reaction had occurred at
the cathode surface, and that subsequent sputtering of the compound was

impeded by the high resistivity of the layer.
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In an effort to confine the reaction between the Sb vapor and
Al to the substrate surface the arrangement was modified so that the Sb
was supplied from a source external to the system (Fig. 9). During the
bake-out cycle this source was kept cool by interposing a water-cooled
flange between it and the main chamber. The films obtained bv this
method were Al-rich due apparently to insufficient transport of Sb from
the external source.

2.2.2 Structural and Optical Properties

Transmission electron diffraction patterns obtained for films
sputtered via the scheme illustrated in Fig. 8 are shown in Fig. 10.
Deposits on (111) CaF2 surfaces at 400°C show polycrystalline ring
patterns. Films deposited on substrates at 650°C were highly oriented.

The orientation relationship between the high temperature deposits and

the substrate are as follows:

(lll)Ale /" (lll)Can,

[llolAle 4 [llO]Can'

Data from the absorption spectra of deposited films indicate
band-gap values corresponding to measured values for bulk AlSb, viz.
1.55 to 1.6 eV. However, the very thin nature of the films made it

difficult to obtain detail in the spectra.
2.3 Aluminum Arsenide (AlAs)

2.3.1 Preparation - In earlier temperature calibration experiments

performed with the three—temperature evaporation system used for the
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Fig. 10

(b)

Transmission electron diffraction patterns from
sputtered AlSb films deposited on cleaved CaFy at
(a) 400°C, approximate thickness 1500 A and

(b) 650°C, approximate thickness 1000 A.



preparation of Al1Sb films, it was found that when both the Al source and
the substrate were at temperature the Ta ring source containing the Sb
could achieve temperatures, due to radiation, ranging from about 150°C
to 280°C. The equilibrium vapor pressures for As at the higher temper-
ature is 4 x 10—2 torr corresponding to an approximate arrival rate
of 105 monolayvers per minute. Since this value appeared to impose a
rather large lower limit to the As flux, efforts were made to provide
a greater degree of control by isolating the As source in a separately
heated pyrex extension to the reaction chamber as shown in Fig. 11. The
remaining features of the system were essentially the same as those
used for the deposition of AlSb films, except that a large liquid-
nitrogen cooled Meissner trap was also added to collect unreacted As.
Several experiments were carried out with the modified system
using As source temperatures ranging from 200 to 380°C, substrate tempera-
tures from 500 to 700°C, and with the Al source operating at 1150°C.
At As source temperatures below about 320°C, the film products obtained
were found, by X-ray analysis, to comprise a mixture of AlAs and free
Al. At higher As temperatures, no deposit was obtained. Inspection of
the Al source after these experiments showed it to be covered with g
yellow layer of AlAs crystallites. It was concluded that this surface
reaction product had prevented further evaporation of the Al despite
the high operating temperature of the metal melt. This interpretation
is consistent with the high temperatures reported for the decomposition
of the compound (Ref. 44).
The results achieved with lower As source temperatures indi-

cated that despite the large amount of As vaporized (the cold traps in
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Fig. 11 Modified system for co-evaporation of AlSb films.



the chamber were found to be liberally coated with condensed As) trans-
fer to the substrate surface with the arrangement shown in Fig. 11 was
inefficient. It was reasoned that despite the poorer control in
varying the As vaporization rate the non-equilibrium line-of-sight
evaporation afforded by a Ta ring source arrangement might prove more
effective. Thus, the modified system was abandoned.

With substrates held at temperaturés below about 680°C, the
following observations were made on varying the As (ring source) temp-
erature. TFor As temperatures lower than 350°C, dark yellow opaque deposits
were produced. When the As source temperature was increased above 360°C,
the deposits obtained changed to a transparent yellow in appearénce but
were very thin. At higher As temperature (> 420°C), no visible deposit
was obtained. In these runs the Al source was found to be again covered
completely with a layer of yellow polycrystalline AlAs.

With substrates held at temperatures higher than 700°C, it was
observed that if the Al source alone was operated, no condensation of Al
occurred. Under these conditions, the deposit structure varied with the
As source temperature in the following manner. When the As temperature
was increased up to near 400°C, the deposition rate increased to a
maximum of approximately 650 A per minute -- the film products in each
case possessing the pale yellow transparent appearance characteristic of
pure AlAs. For higher As temperatures, reaction at the Al melt occurred,
inhibiting evaporation of the metal. Some selected results for AlAs
films grown under near-optimum conditions are presented in Table III.

It is interesting to compare the conditions described here for

producing stoichiometric films with those normally used for other IiI-V
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compounds such as InAs or GaAs. For these compounds, the melting point
and critical condensation temperature of the Group III element is lowér
than the lowest temperature at which the Group V element alone condenses,
and the upper end of the "stoichiometric temperature interval" is defined
by the decomposition temperature of the compound (Ref. 45). For the

Al class III-V films, the critical condensation temperature of the metal
is much higher and lies between the condensation temperature for the
Group V element and the decomposition temperature of the compound. Thus,
by adjusting the ratio of the Al and Group V fluxes and depositing at
temperatures above 700°C, it was possible to ensure stoichiometry for
each of the Al compound films.

2.3.2 Structural Properties - The films which were grown using the

As ring source were examined by electron (reflection) and glancing-angle
X~ray diffraction. Films grown at lowest controllable As flux were found
by X-ray diffraction to comprise mainly the cubic sphalerite form of

AlAs (Ref. 46) together with a minor Al phase. However, the reflection
electron diffraction patterns, although confirming the composition
analysis indicated by the X~ray method, showed the AlAs phase to possess
a highly oriented hexagonal wurtzite structure (Fig. 12). Subsequent
re~examination of the X-ray data did in fact show a weak trace of reflec-
tions consistent with the hexagonal polymorph but suggested that the
amount present was probably less than 1 or 2 percent of the cubic form.
In summary, such a film consisted essentially of non~oriented cubic AlAs
(together with some free Al), but possessed a thin surface region in
which the AlAs phase had adopted a strongly fiber—~textured wurtzite-type

structure.
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Fig. 12

Electron diffraction pattern from evaporated aluminum-—
rich AlAs film showing Wurtzite structure.

DRAF



Films prepared at higher As flux densities and at higher
substrate temperature, yielded no reflection electron diffraction
patterns. X-ray diffraction, however, showed these to consist essentially
of the cubic form of AlAs but with a strongly developed (111) fiber
texture.

Towards the-end of the structural investigations, a further AlAs
film (KB59~1) grown by Dr. H. XKunig in these laboratories was submitted
to us for structural and optical examination. This film has been
deposited at 480°C by co-evaporation using the arrangement described pre-
viously by Johnson (Ref.20) for the preparation of AlSb films. In this
system, the sources were arranged below and equi-distant from the substrate
inside a thermally shielded enclosure in an effort to apprecach more
closely equilibrium growth conditions at the substrate. The film
comprised a poorly-crystallized, non-oriented, cubic AlAs phase but was
appreciably thinner (n 1500 2) than the nominal thickness (v 6000 R)
anticipated from the experimental conditions. In view of the fact that
the Al source was observed to be covered extensively with a yellow layer
of AlAs at the end of the run, it appears likely that the evaporation of
Al was impeded or, more probably, stopped entirely before the experiment
was completed.

2.3.3 Optical Studies and Chemical Stability - The optical absorp-

tion of several AlAs films was measured. Al-rich films were nearly opaque
to visible light, and showed absorption thresholds at about one micron.
The spectra of three later films, which were yellow to the eye, are shown
in Fig. 13. Absorption features at the anticipated values of 2.1 eV

(indirect edge) (Ref. 40) and 2.9 eV (direct edge)(Ref. 4C) are present.
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The low temperature film KB59-1 seems to have a less developed set
of absorption edges.

Measurements were made periodically to assess possible
deterioration effects. One film stored in a dessicator between measure-
ments, was measured each week for several weeks. An increase of the
optical transmission of about 107 per week was observed. This is an
opposite trend to that shown by the AlSb films.

A film of AlAs deposited onto a silica substrate previously

coated with a set of Ta stripes and coated with MgF, in an attempt to pro-

2
tect the AlAs was examined electrically. The resistance from stripe to

stripe was " 109 2 just after deposition and > 1010 2 three days later,
after storage in a N2 flushed box. No photovoltaic or photoconductive
effect could be observed in this film at this time, although a small

photovoltaic effect had been observed three days earlier.

2.3.4 Electrical Studies — Resistivity measurements were made on

film Z-234-4 referred to in Table ITI. To minimize chemical decomposition,
this film was transferred rapidly from the evaporator to a vacuum system
used for electrical measurements. A resistance vs %'plot (Fig. 14) was
made for the range -190°C to 600°C and was found to be completely
reversible. The log R vs. %—plot5 however, was not linear suggesting that
conductivity was dominated by a spread of shallow impurity levels which
could not be characterized by a single activation energy. Similar results
were later obtained on film Z-235-4 which was fitted with electrodes in

a Hall bar configuration. This film was found to be p-type with a low
mobility value in the range 0.5 cmz/volt—sec. and an estimated carrier

. 17 . 3
concentration of 10 carriers/cm” (measured at room temperature).
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Fig. 14 Temperature dependence of resistance measured on
AlAs film (Z-234) deposited at 720°C, thickness
2 microns.
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An attempt was made to observe thermally stimulated current
behavior in Z-234-4 by irradiating it when cold (at -190°C with a 100
watt mercury vapor lamp) and then monitoring its dark resistance as the
temperature was raised at a constant rate of about 2°C per minute.

No TSC effects were observed, which was perhaps not surprising in view
of the relatively low resistivity and presumably high carrier concen-
tration of the film material.

Two AlAs film’samples were prepared with nominal Te doping
levels (based on the vapor pressure data for As and Te) of 0.1%. Actual
conditions realized during growth, however, caused Te enrichment above
this normal concentration due to a rise in the temperature of the
Group V element source. Also, rather low deposition rates were obtained
in these experiments, so that the approximate thicknesses of the films
were only of the order of 1000 A. A resistance vs %—plot was made for
one of these films, Z-231-2, in the temperature range fromyZS to 450°C.
An anomalous and irreversible drop in resistance occurred in the range
above 200°C, evidently caused by major structural changes in the film,

or by chemical decomposition.
2.4 Aluminum Phosphide (A1lP)

2.4.1 Preparation - In the time set aside for the evaporation phase
of the experimental study, it was possible to undertake only one attempt
at synthesizing A1P in thin film form. Source and substrate conditions
were adjusted so as to match approximately those which had proved successful
in the preparation of AlAs films, i.e. with a nominal P/Al flux ratio of

about 5 to 1, and with a substrate temperature of about 720°C. The
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silica substrate was coated with Ta-stripe electrodes in a Hall bar
configuration leaving the central area of the substrate uncovered to permit
optical absorption studies.

At the completion of the run, which lasted 30 minutes, a
transparent yellow deposit was visible both on the silica substrate and
on those areas of the bell jar wall which had been exposed directly to
the aluminum source. On admittinglair to the chamber and raising the
jar, a strong smell of phosphine (Ref. 2 ) developed. The chamber was
closed again and evacuated immediately to avoid further reaction.

To extract the film sample safely from the vacuum system and
to preserve it for subsequent measurement, a special handling procedure
was employed. The entire bell jar was encased with a polythene bag
large enough to extend to the base plate with the jar in the raised
position. A plastic ampoule and a pair of forceps were enclosed inside
the bag. Pure argon was bled into the chamber until it reached atmos-
pheric pressure, whereupon the jar was raised and the forceps used
(through the flexible polythene wall) to transfer the film to the
ampoule. After the ampoule had been removed via a slit in the polythene
wall, moist air was flushed through the chamber and into an exhaust
system for several hours, until no further odor of phosphine could be
detected with the jar open.

2.4.2 Structural, Optical and Electrical Studies - A rapid transfer

from bell jar to the electron microscope was effected to limit possible
deterioration. Examination via reflection electron diffraction confirmed
the presence of AlP in its bulk sphalerite form, Fig. 15. The
diffraction pattern also showed the film to possess a weak (110) fiber

texture.
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Fig. 15 Electron diffraction pattern of AlP film deposited
on silica at 720°C.
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To perform electrical resistivity studies the film was
inserted into a second vacuum system and fitted with probes, precautions
being taken to keep the film immersed completely in alcohol while the
contacts were being adjusted. Similar precautions were observed while
performing optical studies, the film being held in a large spectro-
photometer cell filled with ethyl alcohol. Attempts were also made to
measure the Hall effect with the film mounted in a tube containing
flowing dry nitrogen.

The film resistivity, measured at room temperature by the four
probe method via the Ta electrodes, was estimated to be 50 ohm-cm.
Figure 16 shows the variation of film resistance with temperature between
-180° and 600°C. The observed variation suggests that the conductivity
is influenced by a spread of shallow impurity levels with activation
energies ranging approximately between 0.04 and 0.15 eV. Attempts to
determine the mobility for this film were unsuccessful, since the Hall
voltage, for the small values of current which could be passed through
the sample, was too low to be measured reliably.

Optical absorption was measured with the film immersed in
ethyl alcohol. Figure 17 shows the spectrum obtained, together with a
trace of the absorption of the spectrophotometer cell (containing alcohol)
without the film. The absorption is seen to trise steadily at wave-
lengths less than 5000 R, as would be expected for a material with a
2.45 eV band gap (Ref. 47). Also evident is a set of interference fringes
which, using the value 3.4 for the refractive index of AlP (Ref. 46), show

the film to be 9100 2 thick.
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16 Temperature dependence of resistance measured on AlP
film (Z-237) deposited at 720°C, thickness 9100 A.
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2.5 Discussion

The results reported in the preceding sections indicate that
the reactive evaporation technique is mot only well suited to the pre-
paration of films of Al1Sb, in confirmation of other published data, but
may also be used for the growth of AlAs and AlP films. Successful
preparation of stoichiometric films of the latter compounds, achieved
for the first time by this method, appears favored by using conditions
such that the substrate temperature exceeds the critical condensation
temperatures both of the Group V elements and of aluminum, and by main-
taining the vapor flux of the Group V element low enough to avoid compound
formation at the Al source. This last condition is especially critical
since it is difficult to achieve Al source temperatures high enough
(v 1600°C) to ensure thermal decomposition of the arsenide and phosphide
compounds which might form on the surface of the molten metal. High
rates of deposition, approximately 300 to 600 X /min are attained with
this method and there appears to be no difficulty in preparing films many
microns in thickness.

The films, as a group, display bulk structural and optical
properties. The main exception is the observation of a hexagonal wurtzite
modification of AlAs in the surface layers of an Al rich deposit. Bulk
type behavior is also shown in the relative chemical instabilities of AlSb,
AlAs and AlP in moist air. These lead to changes in the structure and
physical properties and to avoid this care must be taken immediately after

preparation to protect the films prior to examination.
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Ohmic contacts of good quality are achieved for the AlAs and:
AlP films using sputtered tantalum. The contacts to AlSb films, however,
tend occasionally to be non-ohmic and electrical evaluation was compli-
cated somewhat by the resulting barrier. The very rapid deterioration
of these films makes it desirable that contacts be deposited "in situ"
in order tnat the semiconducting properties can be observed.

Although relatively low resistivity film products were
deposited, the carrier mobilities in the AlAs and AlP films were low,
several orders of magnitude less than those recorded for bulk materials.
The causes of low mobilities in the literature for films such as CdS, Si,
Ge, GaAs, etc., are numerous; e€.g., heavy compensation and attendant ionized
impurity scattering (Ref. 48), grain boundary scattering (Ref. 48),
dislocation scattering (Ref. 49), etc. In addition, the III~V compounds
seem particularly prone to the formation of impurity bands at low impurity
levels (Ref. 50). Both the observation of polyerystalline structures in
the present films (with associated numerous boundaries) and the suggestion
in the resistivity vs. temperature data of the presence of shallow

impurity levels, seem consistent with this explanation.
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3. SPUTTERED FILMS

3.1 Reactively Sputtered AIN - Diode System

3.1.1 Preparation - It is generally recognized that aluminum is
one of the most difficult metals to sputter physically due to its
highly resistive surface oxide which cannot easily be eliminated in the
relatively high partial pressures of oxygen or water vapor encountered
in conventional vacuo (10_5 - 10_6 torr). For this reason, although
reference to the physical and reactive sputtering of other metals
abound in the literature, virtually none is available for aluminum
and its compounds.

In the present studies, it was felt that since AIN possesses

the highest insulation resistance of the compounds under investigation,

reactive sputtering of Al in N, would provide an excellent test of the

2
feasibility of extending this method to the other Al-V compositions. To
avoid the oxide retardation problem referred to above, a Varian, ion-
pumped, bakeable stainless steel uhv table top system (of the VI312 type),
capable of base pressures in the low 10—9 torr range, was used for the
experiments.

The sputtering arrangement was of the simple diode type,
Fig. 18, the relative cathode-anode spacing being 4 cm. A 5 cm diameter

disk of aluminum (purity 99.999%) served as cathode. The anode was a

larger disk, 8 cm diameter, of Ta with a rectangular cut-out measuring
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2 x 1 cm at its center. Four substrates were mounted in resistively
heated Ta envelopes (Si substrates could alternatively be heated direétly)
and could be positioned directly above the aperture in the anode by a
rotatable holder externally driven. A number of different substrates

were used among which were single-crystal Si, SiC, AlZO (sapphire) and

3

vitreous SiOz. Where possible, substrate dimensions were 10 mm x 8 mm x 2 mm.
Both the sapphire and silica substrates could be used when both optical
and electrical measurements were required.

When a pressure of lO_9 torr had been attained, the experi-
mental chamber was isolated from the ion pump and "Research Grade' argon
(impurity conc. < 5 p.p.m.) was admitted until a discharge was established.
Using a static argon pressure of 80 x 10—3 torr, an anode-cathode potential
of 2500v and a current density of 1 ma/cmz, the cathode was sputtered
until Al was observed to be deposited on a monitor silica slide. A partial
pressure of about 5 x 10_'3 torr of nitrogen (impurity conc. < 1 p.p.m.) was
admitted through a needle valve, and with the discharge intact, the leak
rate was adjusted until the total chamber pressure remained constant.

Under these conditions, the rate of consumption of N, in the discharge

2
was balanced by its rate of replacement via the needle valve.

It was reasoned that optimum stoichiometry in the films would
be achieved by using substrate conditions favoring condensation only of
the AIN composition. In this case, since N2 is a permanent gas, it was
necessary simply to use a chemically inert substrate and to maintain its

temperature high enough to prevent the aluminum condensing alone. Most

depositions were made, therefore, at temperatures higher than 550°C
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which from Rhodin's (Ref. 51) earlier data on "critical temperatures' for
aluminum might be expected to ensure at worst only a very small conden-
sation rate for the metal.

3.1.2 Structure Studies - Using thin films (<1000 A average

thickness) deposited at TS = 1100°C, 900°C, and 600°C, respectively on
polished silicon, a TEM study was made to assess growth characteristics.
The lateral size of crystallites was observed to increase with temperature.
Typical micrographs are shown in Fig. 19 where average crystallite
dimensions are 270 A (600°C), 470 & (900°C) and 950 & (1100°C). The
growth trend is unlike that reported for AIN prepared by chemical vapor
deposition, CVD (Ref. 52); rather it conforms to established concepts of
nucleation and growth by the capture of atoms or molecules at preferred
substrate sites (Ref. 53,54). The trend suggests, but does not require,
that the depositing species is the reaction product of aluminum and
nitrogen. Electron diffraction patterns, Fig. 20, show almost complete
epitaxy in the films deposited at 900° and 1100°C, the orientation

|| (111) ., [1120]

relationship being (0001) ||[1i015i. The films

AlN Si’ AIN

deposited at 600°C showed only a strong (0001)-fiber texture. In all
cases the bulk hexagonal form (Ref. 55) is observed.

Substrates were heated prior to positioning above the anode
aperture. Thicknesses of deposited AIN films were measured interfer-
ometrically. Some supplementary test data indicated that, with the
voltage, current density and argon pressure values used to reactively
sputter AlN, pure Al could be sputtered on unheated substrates at rates
in excess of 200 K/min. The AIN growth rates under these conditions were

only 50-100 A/min. At high temperatures, rates ranged between 10-30 &/min.
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(c)

} Tum i

Fig. 19 Electron micrographs from reactively sputtered films
of AIN on resistively heated Si substrates, (a) Tg =
600°C; (b) Tg = 925°C; (c) Tg = 1150°C.
thicknesses = 1000 &.
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Fig. 20

Electron diffraction patterns from reactively sput-
tered films of AIN on resistively heated Si_substrates,
(a) T, = 600°C; (b) Tg = 925°C; éc Tg = C.
Averaze fiim thicknesSes = 1000 X.



Orientations on substrates which could not be so easily
thinned were examined by a reflection diffraction technique. These
included SiC, Ce;F2 and AlZOB and results are summarized in Table IV.

Epitaxy is observed in deposits on SiC, Fig. 21, and sometimes
on A1203. The former occurs near 1300°C, the orientation of the

epitaxial component being:

(00.1) !/ (OOl)SiC

AIN

[11.0]AlN // [11.0]SiC

The latter (AlN/A1203) relationship is discussed in Sec. 3.3.5.

3.1.3 Chemical Stability - In view of the rapid deterioration oh-

served in the structure and optical properties of the AlSb films on
exposure to the atmosphere, it was decided to check on the chemical
resistance of AIN films to high temperature oxidation. Film samples
prepared oh Si substrates were allowed to age for several weeks then
were re—-examined by reflection electron diffraction and by glancing-
angle X-ray diffraction. They were found still to display well-crystallized
and oriented single-phase structures. The films were then heated in air
for periods typically between 15 and 30 minutes at temperatures ranging
from 250°C to 750°C. No change in the electron or X~-ray diffraction
patterns was observed until the temperature exceeded 700°C, when the
electron diffraction pattern showed an increase in the diffuse background
scattering. The structure change appeared to have been confined to the
film surface, however, since the X-ray pattern showed only slight broad-

ening in the diffraction lines. Moreover, the X-ray pattern was
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Table IV  Electron Diffraction Data for Reactively
Sputtered AIN Films

Sample No. Substrate TS(°C) Thickness (&) Remarks

185 Si(11l) 27 2500 Crystalline but no
orientation

186—2 Si(111) 500 600 “weak (0001)-fiber
texture

188-2 Si(111) 800 5000 (0001)-fiber texture

188-3 Si(111) 1000 5000 epitaxial AIN(O0001)

191-1 Si(111) 950 2500 strong (0001)-fiber te:
ture (tending towards
epitaxy)

191-2 Si(111) 900 2500 (0001)-fiber texture

(Not epitaxial)

192-1 51€(0001) 1300 1900 mostly epitaxial AIN(O(
—-—-some ring component

192-2 Can(lll) 800 600 (0001)-fiber texture
192-3 Can(lll) 600 2500 {(0001)-fiber texture
2844 A1203 875 1200 (0001)~fiber texture
305B A1203 760 1200 epitaxial AIN(O00L)

but with some relative
azimuthal variation
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(a)

(b)

Fig. 21 Electron diffraction patterns of AIN films reactively 65
sputtered on (0001) faces of 6H-type SiC crystals:
electron beam along (a) [11.0] and (b) [10.0].
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essentially unchanged even after oxidizing for several hours at 750°C.
AIN films thus possess a far higher resistance to chemical attack than
do the other Al-V compounds.

3.1.4 Optical Measurements I - Ultraviolet - In general,

qualitative examination of the optical spectra confirmed that the films
were AIN. Quantitative comparisons, however, indicated that certain
prominent features of the spectra were influenced by effects due to
impurities or structural disorder in the films.

Data from sample Z-192-3, AlN/Can, deposited at 600°C are
presented in Fig. 22. A Cary Spectrophotometer was used to obtain the
data. The absorption is seen to rise monotonically as a function
of energy. Various values for the energy gap could be obtained for
this f£ilm, depending on the energy function plotted. More meaningful,
however, is a comparison to the data of Cox et al. (Ref. 56) who measured
‘the absorption spectra for thin AIN single crystal platelets. Their
data, shown in Fig. 23, give the absorption spectra for an as—-grown
AlN single crystal together with an absorption trace for the same crystal
after annealing for 2 hours at 1100°C in argon. The data in Fig. 22, when
normalized to the same value as that of Cox et al. at wavelengths greater
than 3600 A, show an increasing absorption that closely parallels that
of their Ar-annealed crystal, although the ccrrespondence is not exact.
Cox et al. (Ref. 56) interpret the absorption-increase caused by argon
annealing as being due to nitrogen vacancy formation. In Fig. 23, we
also show the absorption spectra of two films of reactively sputtered AlIN

which have been prepared to nearly identical thicknesses on silica, after
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which one was annealed in nitrogen at 900°C for 2 hours. The data
showed that, after annealing, the absorption of energies less than E
(bulk) decreased and that a bulk spectrum was observed.

Changes in the spectrum were emphasized by obtaining a
differential spectrum by placing the N2 annealed film in the reference
compartment of the Cary, and the unannealed film in the regular sample
compartment, Fig. 24. It can be seen that there are significant changes
at 4.42, 3.75, and 2.8 eV. The feature of 5.05 eV may be an instrumental
artifact, since the slits are opening rapidly in this wavelength region.

The differential spectrum shows that the number of mid-gap
states is significantly reduced by the nitrogen anneal. It also shows
‘that a significant ordering of the structure takes place. The reduction
in state density is indicated by the reduction of the absorption, while
the ordering is indicated by the appearance of discrete absorption
thresholds rather than the monotonically increasing absorption found in
the as-grown films.

To insure that the shift of band-edge position in the N2
annealed films was not due to an effect generated by a particular type
of substrate a set of four AIN films were deposited to a thickness of
8000 & at about 800°C, two on the (0001) face of sapphire (A1203) and
two on vitreous silica, and examined optically in annealed and unannealed
states. The results are shown in Fig. 25, and indicate that these sub-
strate materials did not affect the position of the absorption edge nor
the general details of the absorption curves. We thus were led to conclude

that the shift was associated with a built-in surplus of Ar trapped during
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deposition in the growing film. The excess Ar may partly replace nitrbgen
and produce a nitrogen deficiency condition not dissimilar to that
reported for Ar annealed bulk crystals (Ref. 56).

Determination of an accurate value for the absorption edge
of AIN films was made by evaluation of measurements performed in a
precision ultraviolet spectrophotometer. The apparatus was capable of
detecting I/IO ratios of 10_6. In the present experiments detection of
a ratio of 10—4 was sufficient. The substrates in each case were high
purity silica ("Suprasil') which is not absorbent in the near ultraviolet.
Figures 26 and 27 show transmittance data for 3000 A and 4500 A fiims,
respectively. Deposition temperatures were 950°C. The position of the
absorption edge was determined by the intersection of the almost
horizontal (negligible absorption) curve with an extension of the curve
at maximum slope (stroﬁg absorption). Figures 28 and 29 show transmittance
data from a pair of 1 ym films. The data indicate a negligible shift
(+ 0.03 eV) of the absorption edge in the "as-deposited' state. The
absence of the absorption edge shift is puzzling but we believe it is
associated with the high deposition temperature (v950°C) used during
these experiments; we note in later experiments on BN that a maximum shift
occurs in as-~deposited room temperature deposits. The shift appears less
pronounced in as—deposited films prepared at higher temperatures. The
average absorption edge, making use of the data contained in Figs. 26
through 28, is located at 5.90 + 0.08 eV. A replotting of the steeply
sloping portions of the curves in Figs. 26 through 29 using o « (h\)--Eg)l/2
as the ordinate where o is the absorption coefficient, hv is the photon

energy and Eg is the band gap, resulted in linear plots and indicated
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that the associated electronic transitions were of the direct type (Ref. 57).
Figure 30, the transmittance data from a relatively thick film, ~3 um,
showed negligible transmittance (I/IO < 10—6) at wavelengths slightly
greater than the previously measured (thin film data) absorption edge.
~The film has a considerable thickness, however, and much of the absorption
effect is considered as due to light scattering within the film. When
film uv transmittance data is compared to bulk single crystal data, an
obvious discrepancy is noted, viz., that the value of absorption coefficient
at a given thickness is greater in the films by an order of magnitude or
more. This discrepancy is almost certainly the result of scattering
at grain boundaries which are inherent to the mosaic structured films. It
is thus concluded that data relating absolute values of absorption
coefficient cannot be obtained from such deposits.

Figure 31 shows reflectance data from a deposit (at 950°C,
1 um thick) prepared on a silicon web surface. Such surfaces are
considered atomically smooth. This experiment was a minor disappointment
since some absorption structure was anticipated in the wavelength range
below 2000 &. Instead, only a broad peak is observed at 1600 A (7.7 eV).
This peak is iikely to be associated with strong reflection (analogously, SiC
shows a strong peak at 7.8 eV) (Ref. 58), but the amplitude IR/I0 is,
in this case, greatly attenuated by scattering in the mosaic-like structure.
The peaks at longer wavelengths are due to interference effects at the
nitride-silicon interface (functions of film thickness). Attenuation

/

of these peaks in a wavelength range lower than the absorption edge is

evident.
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3.1.5 Optical Measurements II - Infrared - When the films described

in preceding section were examined in an infrared spectrophotometer, no
prominent absorption bands were observed over a wavelength range 4 to

14 ym. The relative absence of absorption spectra is due to the small
thicknesses of the films; bulk data (Ref. 7) indicate that optimum crystal
thickness for the measurement of absorption coefficient in this wavelength
range is 25 um.

3.1.6 Dielectric Properties - A comparison was made of the capaci-

tive properties of reactively sputtered ALIN films with those of the bulk
material. To obtain a representative result for given deposition condi-
tions, capacitor structures based on a metal-nitride-metal sandwich
arrangement were constructed. These consisted of base electrodes, those
in immediate contact with the substrate, of sputtered Ta, 2500 A thick.
Such films either covered the entire substrate or only part of it, the
latter configuration being chosen to permit optical evaluation. After
an AIN film was deposited, no intentional heating of substrates was
attempted during the electroding schedules. The counter-electrode
configuration was an hexagonal array of 0.3 mm dots on 0.5 mm centers,
thus approximately 200 individual test samples were available on a given
substrate.

Capacitance measurements were made over a frequency range
between 1 and 100 kHz with an impedance bridge (General Radio Type
1608~A). When Ta/AlN/Ta sandwiches were examined the effects the tempera-
ture change could be observed between 25° and 500°C, heating taking place

in a 10_5 torr vacuum to prevent oxidation of the electrodes. Attempts
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to use gold or aluminum electroded sandwich structures in similar experi-
ments were unsuccessful, the main difficulty being caused by peeling of
the counter-electrode as the temperature was raised. Room temperature
measurements were also made using the Au/AlN/Ta and A1l/AIN/Ta sandwiches
and were in excellent agreement with those using the Ta electrodes.

Reproduciblewmeasurements were obtained from films in the
thickness fange 0.15 to 5 microns. Films with thicknesses less than
0.15 micron demonstrated an erratic behavior under applied voltages,
the breakdown being attributed to leakage at grain boundaries. The
following dielectric data thus are based on the properties of the
thicker films.

At 25°C and 1 kHz, measurements of capacitance yielded a
dielectric constant, e/eo, of about 8.5 in good agreement with that for
the bulk, The film dielectric proved to have a slight frequency
dependence and variations of e/eo with temperature up to 500°C for
several frequencies are shown in Fig. 32. Some comparative selected
bulk data (Ref. 5) are also shown. The temperature dependence of e/eo
for the film differed from that for the bulk, the former being insen-
sitive to temperature up to 350°C and at this limit still retaining a
room temperature value. The dielectric constant for the bulk material
at 350°C and 1 kHz shows a three-fold increase over the room temperature
value.

The dissipation factor, D, as a function of temperature is
shown in Fig. 33. Again, there is little temperature variation up to

350°C whereas the bulk data (Ref. 5) indicate approximately two orders
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of magnitude change, referred to the room temperature value, when
measured at 350°C and 10 kHz.

It is noteworthy, that the thin film configurations using the
Ta electrodes are structurally stable even after thermally cycling
several times to 500°C. This stability implies that no significant
diffusion of the electrode material has occurred. The thermal insensi-
fivity of capacitance and lossAdéta also appears to suggest that the
films contain fewer or less conductive impurities than the bulk ceramic.

Volume ac resistivities, as calculated from C and D values,
Ref. 5, were plotted as a function of temperature for several fre-
quencies and are shown in Fig. 34. At frequencies less than 10 kHz, the
resistivities of both the ALN films and the bulk material decrease for
a corresponding increase in frequency, the effect in the bulk being more
pronounced. The resistivity-frequency dependence for the bulk ceramic
‘is also retained at frequencies greater  than 10 kHz. The resistivity
trend in the films, however, in the higher frequency range is reversed,
resistivity increasing with frequency. No satisfactory explanation
is as yet available to account for the differing resistivity-frequency
relationships. It is probable, however, that more than one polarization
and conduction phenomenon is operative and the the observed data,
especially in the films, are due to a combination of superposed effects
(Ref.‘59).

The resistivity-temperature variations in both the films and
the bulk show decreasing resistivities as temperatures are raised. However,
at comparable frequencies, the film material exhibits higher resistivities
in the temperature range below 400°C. Those for the films show an additiona

frequency dependence at temperatures near and above 350°C.
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3.1.7 Properties of Annealed Films - In addition to the data
referred to in Sec. 3.1.6, results were obtained during température
cycling of several test specimens. (The tests were coincident with
I-V measurements which will be reported in Sec. 3.1.9.) A typical

result appears in Table V.

Table V

Frequency Variation of Capacitance and Loss Values
Of Some Annealed AIN Films

before 220°C ~ 20 hr. anneal after 220°C - 20 hr. anneal

f (kHz) C (F x 1012y D c (Fx 10-12) D
1 8.6 .04 8.7 .025
2 8.6 .0175 8.6 .0045
5 8.45 .004 8.5 .0015
10 8.3 .0017 8.5 .0005
15 8.1 .001 8.4 .0005
20 7.9 .001 8.4 .0005
50 7.9 .001 8.3 .0005
100 7.9 .0005 8.1 .0005

Measurements in the 1 to 100 kHz frequency range on annealed
samples show no significant change in capacitance but display an apparent
reduction in loss. This suggests that the ac resistivity at frequencies
above 1 kHz has been increased after annealing. At first sight, these
results conflict with an increase in current (and therefore in the dc
conductivity) found in the I~V data after annealing. The apparent
disagreement can be resolved by considering the observed increase in the
dispersion of the dissipation factor after anneal relative to that
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in the as-grown films (see Fig. 35; these data are extracted from

Table V). 1If the data in Fig. 35 are extrapolated to frequencies less

than 1 kHz, one notes that the loss for annealed films soon becomes

greater than for the unannealed films. Thus, low frequency loss character-
istics would still be consistent with a lowered dc resistivity (the latter
suggested by the I-V data of Fig. 40).

3.1.8 1I-V Measurements - To assess the potential usefulness of the

AlN films as dielectric layers in, for example, semiconductor field
effect devices, it was desirable to study their behavior under applied
fields. Since the high preparation temperatures used in these experiments
had limited the choice of base electrodes, only films deposited on bulk
Si or on to sputtered Ta films were investigated. Data were obtained
using the sandwich arrangements described previously. In some cases,
large area counterelectrodes were also used.

Figs. 36 to 39 illustrate some of the results. In general, with
Au and Ta counterelectrodes, data are reproducible in form. This is
illustrated in Fig. 36 which shows a plot based on measurements from
four 0.5 mm diameter electrode areas on the same film. Each capacitor
structure was measured up to about 70 V and one was taken to a maximum
voltage of 115 V. The I-V characteristic up to about 60~70V was reversible.
However, when the current was taken to high values a new characteristic
was followed on reducing the voltage. This plot approximates to a square

law; i.e., the observed dependence is

I=k (W22, (5)
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The slope of the low voltage segme?t of the initial plot on all films
tested is approximately unity indicating that Ohm's law is followed.

It is interesting to compare our results with the data of
Kawabe (Ref. 60) et al. for single crystal platelets of AIN fitted with
Au electrodes on opposite faces. These workers explain their results on
the basis of a space-charge limited current mechanism of the type out-
lined in the theory of Lampert (Ref. 61). At low applied voltages where

T

any excess injected carriers are trapped, the carriers "n'" normally

present, thermally will generate an ohmic current of the form

J=enuy Va/d (6)

where Va is the voltage applied to an insulator of thickness d, and u

is the carrier mobility. When the traps are filled at an applied voltage
VTFL’ the injected carriers are available for conduction and a steep rise
in current occurs until the I-V characteristic meets a line represented
by Child's law, i.e.,

J=908eq Va2/8 d3, (7

where 6 is the fraction of the total charge available for conduction,
and ¢ the dielectric constant of the insulator.

The results of Kawabe et al. (Ref. 60) for Au electrodes are
reproduced at the right of Fig. 36 and demonstrate the extreme sensitivity
of the I-V characteristic to thermal history of the crystal, and presumably
to a number of traps. Curve I is the result obtained initially, Curve II
after the crystal has been heated to 160°C and cooled slowly, and Curve III

after heating to 160°C and quenching. These treatments produce significant
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changes in V and hence in the voltage ranges over which Ohm's law

TFL
(equation (g)) and Child's law (equation (7)) are obeyed.

Our data for the Au electroded AIN film are not inconsistent
with the space-charge limited model, although they are open to alternative

interpretations. If this model is assumed, the approximate value of

VTFL can be used in the theoretical expression,

2
Vopr, = © d Nt/2 € (8)

to calculate the trap density Nt' Taking V, as 75 V, from Fig. 36

TFL

d as 8 x lO"5 cm. and € as 8.5, the value of N, is about 1018/cm3.

T
This is about 5 orders of magnitude higher than Kawabe et.al. (Ref. 60)
find for single crystals but is a reasonable estimate for a polycrystalline

film. Incidentally this value of N, corresponds very closely to the

T
number of crystallites/cm3 in the film (i.e., 2.5 x 1017/cm3) based on
the micrographic data in Fig. 19.

Some results obtained with Al electrodes on the same AIN film
are shown in Fig. 37. A much wider variation of the I-V characteristics
from sample to sample was found in this case and the current was more
erratic at lower voltages. This behavior could mean a variation in the
number and energy of traps between samples, but in view of the comnsistency
in the results with Au electrodes, it is more probable that the effect
is spurious, and arises from a chemical interaction or perhaps an oxide
film at the Al/AIN interface.

Rather strong photoconductivity effects were observed with the

A1/AIN/Al sandwiches although none were observed when other electrode

materials were used. Using visible radiation from a tungsten lamp,
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focused with an internal parabolic reflector, no photoconduction was
detected. However, with a 2 watt mercury-argon lamp placed about one
inch from the sample, the results shown in Fig.38 were obtained.
Although the spectral dependence of the effect was not measured, it
seems probable that the photoconduction is a maximum at about 2.8 eV,
which Cox, et.al. (Ref. 56) and Kawabe et.al. (Ref. 60) report for
Al-doped AIN crystals.

Figure 39 shows a fairly typical I-V characteristic for a
Ta/AIN/Ta sandwich. This result is somewhat different from those found
with Al and Au electrodes. Thus, despite the fact that a thinner sample
was used (approximately 4000 R) the current values are reduced compared
with those for Al and Au, except at low applied voltages in the near-
ohmic range. Also, the effective field for breakdown was relatively
high, corresponding to a voltage of 350 V, giving a dielectric strength
of about 9 x 106 V/ecm.

3.1.9 1I-V Data for Annealed Films - Because efforts to fully

explore the complete I~V behavior were impeded by erratic behavior at high
voltage, the currents in this region being strongly time dependent, several
test specimens were examined at elevated temperatures. The purpose of
an increased temperature was to possibly facilitate a complete filling
of traps at lower voltage thus permitting observation of the trap-filled
voltage limit before the onset of instability.

Some results from heated films appear in Fig. 40. The 25°C
curve depicts typical behavior for an as-grown film. Data in this case

were taken from Ta/AlN/Ta sandwiches in which the nitride thicknesses
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were approximately 4500 R. oOn raising the temperature, a progressive
decrease in dc resistivity was observed. At 150°C, the rapidly rising
current region is no longer prominent. The anticipated filling of traps
and observance of reversible transition to a Child's type, square law
I-V relationship, however, had not occurred even at an applied potential
of 100 volts. At 150°C, and with 120 volts applied, the square law
dependence was finally observed but it had occurred irreversibly,
Curve A, Fig. 40. Moreover, a 20 hr. anneal at 150°C of similar sandwiches
with no applied voltage produced identical irreversible square law
behaviors, Curve B, Fig. 40 (measured at room temperatures after anneal).
The mechanism which has produced the new I-V characteristic
is, as yet, uncertain. In effect, the behavior suggests that all traps
are filled or no longer available. Diffusion of Ta from electrodes
seems unlikely since the original deposition of AIN took place at 950°C
(on one electrode). To test the possible effects of diffusion from a
surface electrode, however, I-V measurements were made on several
A1/AIN/Ta sandwiches, the Al being deposited on an unheated AIN film
(thickness 6000 &). After a 20 hr., 220°C anneal, departure from the
space-charge limited, trap-filled behavior was observed and is shown in
Fig. 41. The curves, in fact, tend to resemble those produced by a
150°C anneal of the 4500& Ta/AIN/Ta structure (Fig. 40). The specimens
were then submitted to a further 60 hr., 220°C anneal. Both previously
electroded and unelectroded regions were subsequently examined, the latter
now receiving Al electrodes. These results are also incorporated in

Fig. 41. The square law characteristic is not observed, possibly
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a higher temperature is required for the 6000 & AIN film. Diffusion seems
even more unlikely, at this point, since unelectroded areas (during diffu-
sion) showed similar behavior to previously electroded and annealed
regions.

3.1.10 C-V Measurements - Capacitance-voltage studies, viz., those

which relate to some properties of MIS devices, were made on several AIN
films sputtered onto silicon substrates.

The films fell into several categories, depending on the
temperature at which they were deposited, and the technique used to heat
them during the deposition. In an early series, in which substrates were
heated resistively by passing current through the silicon, two films
were prepared at 1000°C and 800°C respectively. The 1000°C sample did
not suffer dielectric breakdown for voltages < 100 volts and the C-V
study of this film is described below. The other (800°C) film broke
down at ~ 4 volts, obviating any study of its C-V characteristics. Later
sets of films were prepared on silicon substrates heated inside tantalum
envelopes. For films held in envelopes at a nominal 800°, 900° or
1000°C temperatures, breakdown was observed at 5 to 15 volts when film
thicknesses were less than 1500 R. When thicknesses exceeded 1500-2000 %
results were reproducible and similar to those for a dilute mixed nitride
as shown in Fig. 57 of Sec. 3.4.1.3.

For the resistively heated film on which C~V measurements were
made, the substrate was p~type, and the accumulation mode capacitance
at large negative potentials across the sample (silicon grounded) varied

from 3.0 to 3.9 picofarads as the AIN film thickness varied from the
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the center of the sample to its edges. The AIN film dielectrie constant
calculated from these values lies between 8.0 and 9.4; these ﬁumbers
bracket the published values. The uncertainty arises from the method
used to determine the film thickness, that is, counting the interference
fringes observed under monochromatic light. Dielectric loss in these
1000 & films was negligible at 100 kHz.

In the tracing of a typical €-V plot (Fig. 42}, the bias
voltage was swept from zero to +60 volts, then from +60 to -60 volts
and back by a 0.025 Hz saw-tooth sweep generator.

On the initial sweep, from 0 to +60 volts, the capacitance of
a typical unit was 2.4 pF, its lowest wvalue. The capacitance remained
at 2.4 pF on the sweep from +60 velts to about ~25 velts, when it rose to
3.3 pF. This value was maintained as the sweep continued to -60 volts,
and back te +30 veolts when a decrease to 2.4 pF was observed. On
continued sweeping, the point of increase in capacitance shifted from
~25 to -37 veolts, while the point of decrease remained at +30 wvolts.
In all, the mid-point of the capacitance change, that is the voltage
at which C ,.2;245_2;& = 2.9 pF, shifts by 75 volts with each sweep
te + 60 volts. Using the relationship given by Grove, et.al. (Ref. 62)
to calculate the charge induced in the semiconducter by the charges in
the dielectric, viz.,

Qs' _ (—VFB + ¢ms) o )

1 1.6 x 10712 4

where Qs' is the number of induced charges per unit area, VFB is the

flat-band voltage, CO/A is the capacitance per unit area and ¢ms is the
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metal-semiconductor work function difference (usually neglected), we
note that a charge of 7 x lO12 charges/cm2 thus occurs in the surface
state density with each sweep.

The sense of this hysteresis in the C-V behavior is that of
ions moving in the oxide under the drive of the + 60 volt sweep. Reduced
sweep voltages generate smaller loops. Flat-band conditions occur at
smaller voltages in both directions. Motion of ions of only a single
charge type cannot account for the change of the flat-band voltage from
large positive to large negative values: it is necessary that both
positive and negative ions be present. An alternate explanation is
that the AIN film is polarizable, and that the degree and direction of
the polarization are determined by the sweep voltage.

In films prepared in heated Ta envelopes, deposits on
p~-type Si similarly display a charge associated movement with a change
of bias. C-V data for films on n-type substrates are remarkably
dissimilar showing no loop characteristic. A possible doping of the
substrate surface, thus forming a p-type layer and junction,; is believed
influential in the suppressed characteristics of these films. Inter-
position of thin, thermally grown 8102 layers are possible remedies to

the doping effect.
3.2 Reactively Sputtered AIN (Triode System)

During the course of the present investigation, it was noted
that after a period of many hours the growth rate of AIN would decrease

due presumably to the formation of a passivating layer of the compound
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on the cathode. In g particular experiment, a drop in the N2 partial
pressure occurred inadvertently and was associated with a significant
increase in the total sputtered AIN yield. The effective deposition
rate in this experiment was, in fact, some five to six times greater
than that normally observed.

Reference to én earlier work by Krikorian and Sneed (Ref. 63)
on the reactive sputtering of A1203 suggestea that both increased
sputtering rates and a more highly oriented deposit might be obtained
by using low partial pressures of oxygen (cited pressures necessary for
epitaxy of stoichiometric films are between 10_5 and 2 x 10-_5 torr).

It is possible that similar effects might occur in the reactive sputtering
of AIN. Exploration of such parameters in detail is a time consuming
exercise in an ultra-high vacuum facility, however, since a wide range

of growth temperatures of N2 partial pressures should be studied.
Therefore, it was decided that a systematic study of film structures and
growth rates should be undertaken in a more flexible triode sputtering
system capable of base pressures in the 10—7 torr range. Previous

studies with such a system had indicated that both pure Al and AIN films
could be deposited with this arrangement.

3.2.1 Preparation - The experimental arrangement basic to the
supported discharge facility consists of a filament (tungsten wire),
anode, target and grounded substrate support. The latter pair are
positioned in a vertical plane parallel to one another. The target-
substrate spacing is 4 cm. An axial magnetic field is applied parallel

to the electron current which flows from the filament to the anode, and

103



helps to enhance the probability of ionizing collision in the target-
substrate region. Sputtering is carried out by accelerating tﬁe ionized
species, argon, onto a negatively biased (1500-2000 V) Al target.

Substrates are heated in Ta strip heater envelopes and the
working arrangement permits sequential heating and exposure to the dis-
charge of one of four substrates.

3.2.2 Composition and Growth Rate Evaluation - Some data cobtained

by electromn and X~ray diffraction analyses which are representative of

AIN films sputtered reactively in the triode sputtering facility are
shown in Table VI. The sputtering voltage in all experiments except those
marked with an asterisk was -1500 V. The marked values were prepared

with the target at -2000 V. Ar pressures were fixed at 5 x 1073 torr.

Table VI  Data for Triode Reactively Sputtered AIN Films

. Film Growth Rate
Temp. °C N2 Press. (torr) Composition Thickness (&) (A/min)
300°C 5 x 107° Al 3000 & 100
560°C -— Al 1000 & 34
560°C 5 x 107° Al 1000 & 34
560°C 107° Al & AIN 1000 & 34
560°C 5 x 107 AIN 3000 & 100
700°C 5 x 107 AIN 2000 & 100
900°C 5% 107% A1IN 3000 & 50
*800°C 5 x 107% AIN 3000 A 100
*900°C 5% 107% ALN 1500 & 80

We assume that thickness and growth rates associated with

deposition at 300°C reflect, to a fair approximation, the sputtering
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rate of Al at -1500 V dc. Thus, the growth rates of AlN near 560°C
seem to represent complete reaction of all incident Al atoms when the
N2 pressure exceeds 5 x 10”4 torr. At higher temperatures, a sticking
factor correction must be accounted for.

Optical and electrical measurements were made on films deposited
on vitreous silica substrates partly metallized with sputtered Ta electrodes
(v 1000 R thick). The first set of four films (Z-270) were grown with

target voltages of -1500 Vdc, a N, partial pressure of 5 x lO_4 torr and at

2
temperatures which ccvered the range 6C0° to 900°C. For the second set
(7-271), the target voltage was altered, in this case being -2000 Vdec.
Film thicknesses ranged from 1500 & to 3000 X. As judged from electron
diffraction data, the film structures were, in all cases, consistent
with that expected for pure AIN. No addition phase, e.g., Al, was
detected. Both the degree of crystallinity and orientation, however,
were observed to increase markedly as the substrate temperature was

increased from 600° to 900°C.

3.2.3 Optical Properties - The optical absorption data for these

films differed significantly from that obtained‘from AIN films prepared
in a glow discharge environment. In the latter conditions, the partial
pressures of Ar and N2 were 80 x lO—3 and 5 x 10“3 torr, respectively.

The triode sputtered films displayed a sharp absorption edge and
irrespective of the substrate temperature (within the 600° to 900°C range)
the position of the edge corresponded to an energy gap of 5.95 + 0.5 ev

(Fig. 43). It should be emphasized that these films were not subjected

to a N2 anneal yet displayed the bulk AIN optical spectrum in the
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as—deposited condition. This behavior had not been evident in the glow
discharge deposited films which, as-deposited at lower temperatures,
showed significant shifts of the absorption edge to lower energies.

3.2.4 Electrical Measurements - Test results from experimental

capacitor configurations, i.e., films fitted with 0.3 mm evaporated Al
counterelectrodes, indicated that even for films only 1400 )3 thick,
the dielectric loss was low, lying typically at about .02 at 500 Hz,
decreasing to .003 at 1 kHz and becoming less than .00l at frequencies
greater than 5 kHz. The dielectric constant showed no perceptible
dispersion with frequency and capacitances of 50 picofarads were measured.

The behavior of the very thin films on application of dc fields
was far less erratic than for some of comparable thickness prepared by
glow discharge sputtering. The I-V data showed conduction consistent
with a space-charge limited mechanism with breakdown occurring at about
35 to 60 Vdc corresponding to breakdown fields greater than 3 x lO6 V/cm.
Room temperature, dc resistivities measured with an applied field of
3x 105 V/cm were approximately 1013 ohm-cm.

Several AIN films of two thicknesses, ~ 1000 A and 3000 z,
were deposited on both n- and p-type Si substrates. MIS measurements
(at 1 MHz) revealed that the former were leaky and suffered breakdown
at applied fields of approximately 3 x lO6 V/cm. The latter, however,
exhibited a behavior not unlike that reported for nitride films prepared
by diode reactive sputtering. The hysteretic behavior indicates the
movement of charge in the dielectric on the p-type substrate. Measurements
carried out for an identical film on an n-type substrate were, again
similar to those for the diode sputtered nitride, apparently insensitive

to any movement of charge.
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3.3 Transducer Application

3.3.1 Preparation - A triode, reactive sputtering facility based
on that described in Sec. 3.2 was used for the deposition of oriented AIN
films on cylindrical sapphire (A1203) rods, the latter measuring an inch
in length with a one-quarter inch diameter. To hold and heat the rods,
a furnace of fubular design was fabricated first of .005 inch tantalum
sﬁeet and later of .005 inch platihum. The furnace is shown in Figs. 44

and 45. Chemical cleaning of the substrates (in a series of HNO,, NaOH

3!
and methanol baths) preceded each deposition. During the course of the

experiments both new and used Al rods were used as substrates.

2%3
Some difficulty in reconditioning the latter was experienced, however,
and these were eventually discarded. Following the insertion of a substrate
‘rod in the tubular furnace, the sputtering chamber was evacuated and
baked. When a 10_9 Torr wvacuum had been obtained, argon, and then nitrogen,
were introduced and their partial pressures adjusted to approximate
those normally used for deposition onto silicon or silica substrates,
viz., p(total) = 5,7 x 10—3 Torr, and P(NZ) =7 x 10-.4 Torr. A
gputtering potential of -1500 V dc and current density of 0.1 mA/cm2
gave a growth rate of about 50 A/min. Thickness adequate for piezo-
electric property evaluation ranged between 1.0 and 3.0 um.

Development of the sputtering apparatus proceeded through
two stages. 1In the first stage a single aluminum cathode positioned
parallel to one face of the substrate rod was used. Deposits Z-284A,
B and C and Z-285 A and B were prepared in this way, the two faces of the
rod being coated in sequential depositions. The later stage of develop-

ment comprised a twin cathode arrangement, Figs. 46 and 47, and permitted
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simultaneous deposition onto both substrate faces. Films so deposited
were Z-291A and B, Z-292A and B, Z-296A and B, Z-297A and B, Z-298A and
B, Z-300A and B and 2-305A and B.

3.3.2 Coupling Relationships Between Substrates and Films - In

the present experiments the A1203 substrate rods are oriented so that

the crystallographic c-axis lies parallel to their long axis. Such an
orientation favors propagation of compressional (longitudinal) acoustic
waves. The faces of the rods are, as a result of the axial orientation
constraint, (0001) planes. To insure maximum coupling between
transducers and substrates, a parallel orientation, viz., (0001), and
intimate contact is required of the AIN films. Coupling in film-rod
configurations with these orientations is then related by the longi-

tudinal piezoelectric coefficient (modulus) d The first subscript

33°

of the coefficient notes the direction of the E-vector and the second,
the component of elastic stress. In films in which the c-axis is

constrained to the plane of the film, coupling is related via d or

31

d the shear wave mode coefficients.

32°
3.3.3 Pulse-Echo Measuring Technique - A block diagram of the

apparatus (Ref. 64) which generates and detects the microwave impulses
is shown in Fig. 48. Two triggering pulses, both at repetition rates
of 100 pps, are produced by a sync. generator and alternately trigger
a transmitter and delay generator, the latter, in turn, triggering a
pulse comparator. Pulses from the transmitter, at the cavity resonant
frequency (in this instance 1 GHz) are introduced into the transmitter

cavity at the maximum H-field end. <Corresponding E-field pulses are
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produced in the small gap at the opposite end of the cavity. One end

of a sapphire rod, one inch long and one-quarter inch in diameter, is
placed in this E-field, so that the field is parallel to the axis of

the rod. Acoustic pulses are generated in the sapphire as a result of
its piezoelectric character and travel along its length. At the opposite
end of the rod, which extends into the receiver cavity, the acoustic pulses
generate E-field pulses which are detected at the far end of this cavity
in an H-field loop. Since a fraction of the acoustic signal is reflected
at the film-rod interface, a series of periodic pulses is received, the
number and amplitude of which denote the relative electromechanical
conversion. Pulses from both the receiver cavity and from the pulse
comparator, the latter via a calibrated attenuator, are alternately
displayed on a CRT. By displaying these signals simultaneously and
attenuating the comparator signal to match that of the receiver signal,

a direct measure of the electromechanical coupling is obtained. Since
both signals are of the same frequency and are amplified by the same
receiver, all errors due to receiver distortion are automatically
compensated. The pulse comparator and attenuator can be replaced by

a calibrated exponential generator (shown by the dotted lines) when

low loss materials are being studied.

3.3.4 Cavity Design - Figure 49 shows schematically the design of

a non-resonant, tunable cavity, (Ref. 64) the type in which the present
measurements were made. In this design each physical cavity is merely
a termination to a stub stretcher impedance matching unit, the latter

representing the true cavity. Thus, the frequency band over which such
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cavities can operate is determined by the tuning range of the matching
stub stretchers. Figure 50 shows an exploded view of the cavity enclosure.
When oblique fields are to be generated, the circular (ball pivot)
electrodes, attached to the N~type connectors, are replaced by knife-
edge elements.

3.3.5 Results

3.3.5.1 Transducers Z-284A-B-C - Figures 5la and 51b show

oscillograms of compressional acoustic pulses at 1 GHz, set up in two
AlN/A1203/AlN test structures (Z-284A-B and Z-284A-C). The results are
seen to differ; Fig. 51a exhibits a longer pulse train than Fig. 51b.
When the films on the faces of the former film-rod combination, Z-284A-B,
were examined by reflection electron diffraction, the diffraction patterns
shown in Figs. 52a and 52b were obtained. Fig. 52a is characteristic of
AlN showing a (000l)-fiber texture; Fig. 52b indicates a (1120)-fiber
texture, i.e., with the c-axis in the plane of the film. Later diffraction
from set Z-284—C (the film labeled Z-284B ((1120)-orientation) was removed
chemically and Z-284C was deposited in its place) indicated that both
film orientations were of the (OOOl)—fiber texture type.

Although bulk values of the piezoelectric coefficients have
not been reported for AIN, they are believed similar to other class 6 mm
crystals such as CdS. Thus, one expects d and d to be smaller by a

31 32

factor of 3 to 5 times than d The electromechanical conversion

33°
efficiency for film pair Z-284A-C will, according to this premise, be

greater than that for pair Z-284A-B by this factor and will be seen as

an apparent increase in acoustic loss (attenuation) in the pulse echo
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Fig. 51

Oscillograms of compressional acoustic pulses
generated in A1N-Al1,03-AlN film-test rod combina-
tions. The trace shown as (a) shows poor
electromechanical coupling; trace (b) shows good
coupling.
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(a)

Fig. 52 Reflection electron diffraction patterns of AIN
films deposited on opposite faces of a sapphire
rod; (a) (00.1) orientation and (b) (11.0)
orientation.



measurements. The sixteen echoes in Fig. 5la thus represent‘low loss
(poor coupling) and show a property comparable to that observed for
oriented ZnS films when they were used in this type of experiment. The
four echoes in Fig. 51b represent a higher conversion efficiency (factor
of 4) and show the coupling dependence on orientation. As potential
device transducers, they favorably compare to films of CdS (Ref. 65)
evaluated in similar fashion.

3.3.5.2 Transducers Z~285 - Another AIN film (Z~285) was

deposited, this time at a slightly higher temperature, 925°C. The
temperature adjustment was made to facilitate an increase in the degree
of orientation adopted by the film. (Such an effect is observed in
epitaxial AIN films deposited on Si.) The initial deposit of this
series, Z-285A, was oriented but possessed a (1120)-fiber texture.

This film was subsequently chemically dissolved and another film (Z-285B)
was deposited in its place. The result was identical. Inspection of

the furnace element, tantalum, showed c¢onsiderable erosion and suggested
that tantalum or a nitride of tantalum may have inadvertantly condensed
at the substrate surface during a predeposition interval which is used

to sputter~clean the aluminum cathode and to thermally stabilize the
substrate heater. The layer if it exists, however, is not detectable

by electron diffraction since examination of the uncoated face of the
sapphire rod showed no obvious foreign phase. The attack on the tantalum
furnace elements led to replacement by platinum.

3.3.5.3 Transducers Z-291, Z-292, Z-296 — These film/substrate

combinations were deposited in the twin-cathode arrangement shown

previously in Fig. 46. Deposits on both substrate faces were thus
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made simultaneously. The substrate temperatures during deposition
were as follows: 800°C (z-291), 620°C (z-292), and 950°C (Z-296).
Deposition rates in all films were similar, viz., v 40 A/min. Strong
(0001) and (1012)-fiber texture orientations were observed in both
the 800°C films. These orientations were repeated although less
pronounced in the 620°C deposits. The pair deposited at 950°C were
not identical, one film showed a strong (000l)-fiber texture, the
other a (1120)-fiber texture. The latter behavior is similar to

that observed in deposits Z-284A-B.

When tested acoustically at 1.0, 1.25 and 1.6 GHz, none of
the three film pairs functioned as efficiently as the well-oriented
(0001) deposits of set Z-284A-C. The occurrence of the several
unwanted orientations, however, can account for the poorer results.

3.3.5.4 Transducers Z~297, Z-298, Z-300, Z-305 - Films Z-297

and Z-298, deposited at 830°C, provided no electromechanical attenuation
when subjected to the standard microwave pulse-echo measurements. These
results were not anticipated since electron diffraction examination of
the films showed good (000l)-fiber orientation. Since the A1203 test
rods in both experiments had been used in previous experiments and con-
siderable difficulty was experienced in restoring their surfaces to a
newly-polished state, the results implied poor, possibly graded,
interfaces. One of the rods was mechanically, then chemically, polished
and Z-300 (770°C) was deposited. The acoustic traces are shown in

Fig. 53. We note the attenuation to be weaker than that for films

Z-284A~C. An x-ray investigation of the surfaces of A1203 rods subsequently
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Fig. 53 Oscillogram of compressional pulses generated in
Z-300 (A,B) an AIN-Al903-AIN experimental microwave
acoustic pulse attenuator.
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was made and revealed that a newly polished rod retained surfaces which
showed considerable strain. Thus, the interfaces in Z-300 may have been
sharp enough to permit some electromechanical coupling but the strain
which remained in the vicinity of the rod faces inhibited a maximum effect.
A second rod was repolished and etched for several days in a saturated
NaOH solution. X-ray evaluation indicated surfaces with a lesser degree
of strain. Deposits on this substrate at 760°C (Z-305), however, proved
disappointing.v Film Z-305A characteristically displayed a (0001)-fiber
texture. Film Z-305B was more strongly oriented having reached a virtual
epitaxial state, Fig. 54. There was some relative misalignment of the
orientations of the various crystallites but good azimufhal alignment had
been achieved. The orientation relationship between film and substrate
was parallel, i.e., (0001) | (0001)

[1120] | [1120]

| ; |
AIN A1,0,° AIN AL,0,.

The acoustic traces Fig. 55, however, indicated that regardless of the

degree of orientation, signal attenuation was again limited. The envelope
. . -6 ,

modulation observed in the trace is due to slight (v 6 x 10 = radian)

relative non-parallelism of the film-rod interfaces.
3.4 Mixed Nitrides

The electrical instabilities (erratic breakdown) encountered
in thin, < 1500 &, AIN films were attributed to grain boundary conduction,
the grains in many cases having linear dimensions comparable to the
thickness. In an effort to suppress the crystalline habit of AlN,
mixture with a less crystalline, but no less refractory, dielectric
was sought. SiBN4 and BN were thus introduced as diluents. (It is reported
that pyrolytically deposited films of these compounds are virtually

amorphous) (Refs. 30,66).
124



Fig. 54 Electron diffraction patterns of highly ordered AIN
transducer film. There is finite misaligmment of
crystallites but the azimuthal dependence of
orientation indicates epitaxy; (a) electron beam
along [21.0]; (b) electron beam along [11.0].
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Fig. 55 Pulse train generated in Z-305(A,B). The large
number of pulses show poor attenuation by the
transducer films. Envelope modulation is due to
nonparallelism of the film-rod interfaces.
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3.4.1 Mixed Al-Si Nitrides

3.4.1.1 Preparation — Preparation of two sets of films, with
nominal Al/Si ratios of 6/1 and 1/1 was accomplished. The ratios cited
are related to the target areas of the respective elements and do not
necessarily indicate the true compositions of the films. Films were
deposited in the optimized conditions used for the diode sputtering of
pure AIN (see Sec. 3.1.1). Substrates included Ta coated vitreous
silica and n~ and p-type Sikwafersl

3.4.,1.2 Structural and'bptical Properties — When films

prepared by sputtering a cathode with a 6/1, Al/Si area were examined
by electron diffraction, it appeared to consist primarily of a poly-
crystalline AlIN-type phase, Fig. 56. The diffraction data, however,
showed some evidence of an additional component, one which caused diffuse
scattering of diffracted electrons. When the 1/1, Al/Si target was used,
the difque diffraétion component became far more préminent. The
partly resolved diffraction rings which were measured, however, indicated
that a phase consistent with poorly crystallized AIN was still present.
Optical absorption measurements were made on both sets of
AlN—Si3N4 films. The as-deposited films showed a diffuse absorption
edge occurring in the approximate wavelength range as for pure,
as—deposited, AIN films. Annealing at 900°C in N2 caused a sharpening
of the edge and a shift to higher energies, again in a manner similar to that
for annealed AIN films.
While the shift for the 6/1, Al/Si nitride films matched that
for the pure form, the edge of the 1/1, Al/Si nitride films shifted

to energies greater than 5.9 eV, viz, to an absorption edge value of
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approximately 6.35 eV. The effect is unexpected since the energy gap
of the added component, Si3N4, is reported to be 4.35 eV (Ref. 67).
Other studies, however, have recorded conflicting values, e.g., 5.0 eV

(Ref. 66) and 6.35 (Ref. 68).

3.4.1.3 Electrical Measurements - The results of capacitance

vs voltage measurements at 1 MHz made for deposits on the Si substrates

are shown in Fig. 57. The sandwich configuration, after Al counter-
electrodes have been deposited is that of a MIS (metal-insulator-semiconductor)
structure.

The symmetrical shift of the C-V plot for films deposited on
p—type substrates indicates that a polarization effect probably is
generated within the dielectric by the application of a field; such an
effect is observed in the pure ALN films (see Sec. 3.1.10) and has also
been observed in SiBN4 (Ref. 69). As for the pure AIN films, the
polarization may be due to the orientation of dipoles in the AIN component
by the applied field or by a stress-induced polarization inherent in it
(AlN is strongly piezoelectric). The charge induced in the Si by the
charges contained in the dielectric is 8.75 x 1011/cm2, a value inter-
mediate between those reported for vapor deposited Si3N4 and SiOz.

Deposits on n-type substrates showed no tendency to display
loop-type characteristics, the flat band voltage exceeding 100 V.

Measurements relating current and voltage characteristics
in the 6/1, Al/Si nitride films were essentially similar to those made

on the pure nitride films, viz., currents followed on Ohmic behavior

at low voltage then rose steeply as the voltage was increased; a further
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voltage increment induced a time dependent instability followed by
breakdown or a major change in the I-V characteristic.

In the 1/1, Al/Si nitride films, however, a reproducible and
highly stable I-V behavior was followed, Fig. 58. The slopes of the
curves at the low and high voltage values represent Ohmic and trap-filled
space-charge behavior, respectively. The voltage at which the transition
between the main conduction mechanisms occurred, the traps-filled-limit,
was low (v 10 V) relative to the values for pure AIN films. In addition,
the slope of this transition was less steep and suggests that fewer but
probably more active traps take part ‘in conduction. Although the I-V
characteristics of the 1/1 mixed Al1-Si nitride films were stabilized by
the mixing, dielectric measurements showed a range of dispersion with
frequency. The dielectric properties of pure Si3N4 are unfortunately
not well characterized at various frequencies. Several reports list
conflicting values of dielectric constant, e.g. 12.0 (Ref. 70) and
6.2-8.5 (Ref. 71) but this property seems to be strongly influenced
by the density of the deposited layers and the given values seem only
relative to this property. We suggest that both the conduction behaviox
and frequency dispersion of the dielectric properties are attributable
to a modification of the numbers and levels of trapping, or impurity
sites, relative to those operative in sputtered ALN films.

The 6/1, Al/Si nitride layers displayed no obvious dispersion
with frequency showing, rather, dielectric properties similar to those

of undiluted AIN.
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3.4.2 Mixed Al-B Nitrides

3.4.2.1 Preparation - The experimental apparatus used to
deposit films of a mixed AIN-BN composition is also similar to that used
previously for the reactive sputtering of AIN. Figure 59 shows a schematic
of the arrangement consisting of a target, target shield, and four movable
substrate holders. The target is a high purity aluminum (99.999%) disk
which has been milled to accommodate plugs of boron (99.9999%). The
boron plugs are 8 mm in diameter. A variable Al/B sputtering area
ratio was obtained merely by adjusting the number of plugs. Substrates
included both polished silicon and silica which were heated resistively
or via tantalum strip heater envelopes. Substrate temperatures were
adjustable to 1000°C and were monitored optically with both a conventional
optical pyrometer and an "Ircon'" Model 300 Infra-red pyrometer. The
deposition procedure was also essentially similar to that used for AIN.
After evaquation of the uhv chamber to 10_9 torr , backfilling with
80 x 10_3 torr of argon (purity 99.995%) commenced. Sputter—cleaning
of the cathode (-2750 V, 1 ma/cmz) was then carried out for about one
hour. Injection of nitrogen (purity 99.999%) followed until a
5x 10_3torr increase in total pressure was maintained. The substrate
was heated, moved into the discharge and a deposit was collected.

3.4.2.2 Composition and Structure - Two series of films

were initially prepared using substrate temperatures in the range
800-900°C and with Al/B area ratios on the sputtering target surface
of 3/2 and 2/3, respectively. In each experiment the substrate was

cooled rapidly after completion of f£ilm growth by turning off the input
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power to the heater. Electron microprobe measurements were made on the
"2/3" films to determine the actual Al/B ratio of the films;

(the boron detection was accomplished by the use of a lead stearate crystal
and a methane-argon filled flow proportional counter). Megsuring
inaccuracies were introduced due to a need to coat the AIN-BN film with

a conducting carbon layer during examination. The coating reduced charging
effects due to the insulating silica substrate but absorbed almost 50%

of the boron x~radiation. The best Al/B ratio estimates are between

2.4/1 and 4/1 (atom ratio). Structural evaluation by x-ray techniques
showed only the well-resolved AlN-type phase, however, in the case of films
produced from both target compositions this phase was found to possess

slightly smaller lattice parameters than pure AIN, Table VII.

TABLE VII

Table of Lattice Parameters for AIN and A1N-BN

ALN ALN-BN (900°C)
a c c/a a c c/a
3.11 & 4.96 & 1.60 3.08 4.88 1.58

Another set of films were grown, the nominal Al/B target area ratio
again being 2/3, but extending the substrate temperature range to
500°-900°C. At temperatures less than 600°C the cell parameters
showed no deviation from those observed for pure AIN. At higher
temperatures, the shrinkage was again evident. Examination of thése
films by transmission electron diffraction revealed the presence of a

strong BN phase in addition to the AIN one, Fig. 60, indicating that
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limiting solubility of BN in the AIN-type phase had been reached.
Reference to later measurements of diffraction results on BN films
indicated that the BN phase showed no noticeable lattice parameter
change.

Diffraction patterns from films of the 3/2, Al/B nominal
ratio, showed a greater degree of disorder, Fig. 61 (the estimated Al/B
atom ratio is 1.5/1), although the AlN-phase is still evident. Direct
determination of the amount of boron in solution in the "contracted"
AlN-rich phase are not easily obtained. Differentiation between boron
in solution and boron in the unreacted BN component, for example,
cannot be achieved by the microprobe analyses. One notes also that

borides of aluminum, viz., Ale and AlBlz,'are known to'exist (Ref. 72)

although not observed as a major componént in these films. The amount

of dissolved boron could presumably be determined using a "disappearing
phase'" approach which entails gradual reduction of the B/AL ratio until
the unreacted BN phase is no longer observed by x-ray diffraction. A
microprobe determination would then give the amount in solution. If it
is assumed that Vegard(s-law is followed for the AlN-type solid solutiomns,
then taking 1.26 A and 0.88 X (Ref. 73), réspectively for the tetrahedral
radii of aluminum and boron, the lattice parameter changes observed are
consistent with a solution of approximately 6 - 7-1/2% of boron in AIN.

3.4.2.3 Dielectric and Optical Measurements -~ Capacitance

2 .
measurements were made on large area (1 mm™), capacitor structures of the
mixed nitride films. A moderate dispersion with frequency was noted,

viz., C = 74.3 pF (500 Hz), C = 61.1 pF (500 kHz); this was less apparent
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Fig. 61

Electron diffraction patterns from reactively
sputtered films of mixed (Al,B)N composition;
(a) film contains 20 to 35 atomic percent boron;
(b) film contains 30 to 45 atomic percent boron.



for values of loss, viz., D = 0.03 (500 Hz), D = 0.04 (500 kHz). Values
for the dielectric constant coméuted from these data range from 6.8 to
9.1.

In Fig. 62 optical absorption data obtained with the Cary
instrument are shown in the vicinity of the absorption edge. Values
for the annealed and unannealed mixed films fall within the observed
energy range spanned by annealed and unannealed films of pure AIN
(Sec. 3.1.4). In two-phase film structures of the type considered, we
expect the spectral cut-off to be determined by the component whose
absorption edge occurs at lowest energy. Thus it is probable that the
unannealed film spectrum represents the AlN-type phase component and
reflects, qualitatively, the amount of BN in solid solution. The
absorption edge position in the annealed films lies close to the edge
observed for annealed pure BN films (Ref. 74). It may be that the BN
phase is setting the limit in this case, however, nothing is yet known
about the possible role, if any, of solution of A1N in BN.

3.4.2.4 (C-V Measurements - After Al counterelectrodes (0.3 mm

diameter) were evaporated, the mixed nitride films deposited on n- and
p~type Si substrates were subjected to standard C-V measurements (Ref. 73).
Results are shown in Figs. 63, 64, and 65 and are unlike those in which AlN
alone is the dielectric. The curves have a dual-segment appearance and
show a hysteretic effect in which the trace movement is indicative of
surface state charge. The interaction between the applied field and these
surface states is especially apparent in Fig. 65 where the rate of

application of applied field is varied. During a positive excursion,
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a greater number of surface states are filled when a given voltage is
applied more slowly. A voltage sweep in a negative direction is
equally more effective in emptying 'megative charge' surface states
(and filling "positive" charge ones) when applied at slower rates.

The mixed nitride films did show excellent voltage stability,
there being no evidence of breakdown at 180 V (the limit of the
measuring apparatus). Thus, the breakdown field exceeds 5 x 106 V/cm.
The "dual-segment" loop does not lend itself readily to calculation of
surface charge. These data were therefore not pursued. Estimates of
the dielectric constant, e, of this mixture were made from difference
capacitance measurements made in the accumulatiqn and depletion modes,
respectively of the semiconductor. The data indicate a value of
6.9 + 0.3, a figure between the reported values for AIN, 8.5 (Ref. 5)

and BN, 3.8 + 0.2 (Ref. 30) and 5.12 (Ref. 76).

3.5 Reactively Sputtered BN Films
Since the mixed AIN-BN films had not adopted a completely
amorphous structure even when the Al/B ratio was approaching unity, it
was decided to investigate the BN component alone for possible use as

the insulating film in an MIS device.

3.5.1 Preparation - The uhv, diode sputtering apparatus used for
the preparation of AIN was modified only slightly. A cathode was
fabricated by imbedding slices of bulk boron (99.9999) into a, '"research
grade", BN block, Fig. 66. The combined surface area of the imbedded

boron slices was approximately 5 cmz. It was noted that with an applied
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voltage of -2800 Vdc, a current density of 4 ma/cmz, a target-substrate
spacing of 5 cm, and a substrate temperature of 1000°C, films could be
formed at growth rates of 10 A/min.

3.5.2 Structural Studies on BN Films -~ A study was made to investi-

gate the structural effects produced by variation of substrate temperature
during deposition. Several films were deposited onto resistively heated
8i(111) substrates. Three substrates were held at 1150°C, 950°C and
600°C, respectively. A fourth substrate was not heated intentionally.
Electron diffraction showed that the film deposited at 1150°C possessed

a (0001)~fiber orientation, Fig. 67, while the lower temperature deposits
possessed no preferred orientation and showed rather diffuse ring patterns
no differences due to temperature are evident. Using the diffraction
spots (included with the diffraction rings for the unheated films and

due to scattering from surrounding areas of the single crystal $i(100)
substrate) for calibration, the transmission data can be indexed on a

hexagonal cell with the following parameters.
a=2.4514 , c=6.88 %

When compared to the bulk values (Ref. 44) for the hexagonal form, viz.,
a=2.514 , c = 6.66 &

we note the difference to be of the order of 2-4%. The source of this
deviation in the thin film lattice parameters is not known, but it
appears possible that it may be associated with structural disorder,

non-stoichiometry or the occlusion of trapped argon. A list of d-values
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Fig., 67 Electron diffraction pattern of reactively sputtered
BN film deposited on Si at 1150°C; (00.1) fibre
texture denoted by arced diffraction rings.
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and relative intensities are given for the bulk and thin film forms in

Table VIII.
Table VIII Diffraction Data for BN

BN (bulk) BN (film)
dd) I (hk.1) d@) I (hk.1)
3.33 vs 00.2 3.48 vs 00.2
2.17 m 10.0 2.12 m 10.0
2.06 W 10.1
1.82 m 10.2
1.67 W 00.4 1.72 W 00.4
1.55 vs 10.3
1.32 v 10.4
1.25 W 11.0 1.23 mw 11.0
1.17 w 11.2
1.14 vww  10.5
1.11 vw 00.6 1.16 00.6
1.08 W 20.0 1.06 v 20.0
a= 2,51 a= 2.45
c = 6.66 c = 6.88

A transmission electron microscopy investigation of these films revealed
some additional features. The lower temperature (unheated, 600°C) deposits
showed little contrast being uniformly microcrystalline. The 1150° and
950°C deposits comprised the microcrystalline component interspersed with
larger isolated shapes, Fig. 68; the lateral dimensions of these regions
varied, being 700 & for the 1150°C film and approximately 300 R for

the 950°C one. Identification of the larger areas as a separate

phase could not be made from x-ray or electron diffraction examinations

of these films; (Rand and Roberts (Ref. 30) report the presence of
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Fig. 68 Electron micrographs from reactively sputtered films
of BN on resistively heated Si substrates,
(a) Tg = 600°C; (b) Tg = 950°C, (c) Tg = 1150°C.
Average film thicknesses = 1000 R.
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large crystals of boric acid in pyrolytic BN as a result of prolonged
exposure to the atmosphere.)

3.5.3 Optical Measurements I-Infrared - Infrared absorption

measurements, Fig. 69, were conducted on the film described in Sec. 4.2.
The prominent feature in each case was a strong absorption band centered
near 1380 cmfl (7.25 um) which is characteristic of BN (presumably due to
a B-N band stretch) in both bulk (Ref. 77) and pyrolytic forms (Ref. 78).
An additional band is observed near 810 cm—l {12.3 pm), again in agreement
with the bulk walue.

An infrared investigation of some mixed AIN-BN films was
also carried out at this time, and the strong 1380 cm_l band was again
clearly noticeable, Fig. 70. These results confirm electron diffraction
data which indicate that free BN is present together with an AIN rich,
AIN-BN solid solution phase in the mixed composition films.

3.5.4 Optical Measurements II-Visible and Ultraviolet - Optical

absorption measurements were also performed in the wvisible and ultraviolet
on four pair5~of BN films deposited on silica substrates. In these films
the substrates were either unheated during deposition or heated to 600°,
900° or 1100°C, respectively. One member of each pair was subsequently
annealed near its deposition temperature in nitrogen (an excpetion to

the annealing schedule involved a deposit on an unheated substrate,
annealing being performed at 600°C). The experimentally observed short
wavelength limits of observed absorption edges from this series are

shown in Table IX.
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Fig. 69 Infrared absorption spectra for reactively sputtered

BN films on Si substrates. Strong absorption at
1380 cm™l and 810 cm~l are likely due to BN bond
stretching (observed also in bulk BN).
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TABLE IX
Relative Displacement of Absorption Edge in BN Films

Absorption Edge (eV)

T 4.0 5.0 6.0
=3 1 1 1
unheated 4.21 | ] 5.8 annealed at 600°C
600°C 5.1>| |<5.2 annealed at 600°C
900°C 5.7>||«5.7 + annealed at 900°C
1100°C 5.8||<5.9 annealed at 1100°C

We note a progressive shift of the absorption edge to higher energies
with increasing deposition temperature. A further shift is observed

for films which are subsequently annealed in nitrogen. The latter

effect is most pronounced when the annealing temperature is significantly
greater than the deposition substrate temperature (Ts).

Several deposits were prepared at 1000°C on "Suprasil" and
examined in the ultraviolet spectrum by means of the precision spectro-
photometers described in Sec. 2.2.4. The results, Fig. 71, indicate
that the observed absorption edge occurs at 5.72 + 0.05 eV. Reported
values for CVD deposits are 3.8 (Ref. 30), 5.0 (Ref. 31) and 7.8 (Ref. 79).
The calculated value for bulk hexagonal boron nitride is 7.533 (Ref. 80).
The present data seem to be most consistent with the value (~5.0), given
for an isotropic form of BN deposited at temperatures between 1065° and
1355°C (Ref. 31).

3.5.5 Dielectric Measurements — Partly metallized silica slices

served as substrates for the BN films which were used in evaluating

dielectric properties. Initially, sputtered tantalum was used as the base
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electrode material with evaporated aluminum or gold as the counterelectrode.
Some data from these deposits prepared over a range of temperatures
(voltage and current density held constant) are presented in Table X.
We note that the room temperature dielectric constant for
the low temperature deposits falls in the range reported for bulk BN,
viz., 3.5 (E || c-axis) and 5.1 (E | c-axis) (Ref. 81). The deposits
on substrates held at 900°C and 1100°C give values which differ from

those measured for the lower temperature deposits. The value observed

TABLE X
Dependence of ¢ on Growth Temperature for BN Films

¢ (dielectric constant)

f (kHz) unheated 600°C 900°C 1100°C
500 4.9 5.05 2.3 4.1
100 4.9 5.05 2.35 4.1

50 5.0 5.1 2.4 4.16
20 5.2 5.2 2.4 4.2
10 5.35 5.25 2.4 4,2
5 5.4 5.35 2.45 4.24

in the 1100°C films possibly may occur as a result of the omset of
some preferred orientation (the observed (0001)-fiber orientation,
Fig. 67; the applied field would thus be oriented parallel to a
relatively strong c-axis component. The results for 900°C deposits
at first seemed anomalous. When a high temperature evaluation of BN

film capacitors was begun, aluminum counterelectrodes were replaced

155



by sputtered platinum. Initially, there were no irreversible changes
in film properties due to electrode diffusion and platinum electroding
was extended to include the base electrode. Deposits prepared on
platinum base electrodes at 900°-1000°C, however, did show some
marked differences from those grown on tantalum electrodes. Measured
valués of dielectric constant, €, were less than unity. Evaluation
of these results indicated formation of a platinum-boron layer between
the original platinum base electrode and the BN film. Initially,
incomplete reaction of boron with nitrogen and later reaction with
platinum (a platinum-boron eutectic is formed at 830°C (Ref. 82) are
likely processes involved in the formation of this conductive layer.
Platinum was abandoned in favor of tantalum and the temperature dependence
of ¢ for films prepared at 1000°C is shown in Fig. 72. At room temperature,
values of ¢ are approximately 4.3. This value is also less than the
5.1 reported for bulk BN. Since there also appears to be appreciable
solid solubility of boron in tantalum at temperatures above 950°C
(Ref. 83), the possibility of a tantalum-boron layer formed from unreacted
boron cannot be excluded as a cause for the lower dielectric constant
in these films. The € vs T data do, however, show exceptionally stable
properties between room temperature and 500°C in a range of frequencies
between 5 x 10° to 5 x 10° kHz.

Measurements of dissipation factor were made using a Boonton
75C Direct Capacitance bridge. Values of D were calculated using the
measured conductivity, G, of the films according to the formula

G
D = orfc
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where G is given in p-ohms, C in pF, and f (frequency) in MHz. Room
temperature values ranged consistently between 0.02 and 0.07 (film
thicknesses being between 1000 and 5000 X. These values are considerably
greater than those reported for thick CVD deposits, e.g., in 75-100 um
films, D =~ 1.4 x 10-4 (Ref. 32) but compare more favorably with thin
pyrolytic deposits (5000 &) on Cu and Mo (Ref. 84) viz., .003 < D < .01.
In thicker sputtered BN deposits (1-3 ym) values of D decreased,

D < .0055.

3.5.6 Structural Studies on Boron Films - In view of the implied

reluctance of boron to react completely with nitrogen, a layer of boron
was sputtered (voltage-current density parameters consistent with those
used for sputtering of BN) in argon onto a silicon surface. Electron
diffraction patterns and transmission electron micrographs are shown

in Figs. 73 and 74. The diffuse diff;action rings, Fig. 73, are a match
to those previously identified as BN (Ref; fé). The topography, however,
is somewhat different to that for sputtered films of BN, Fig. 74. The
available data do not, therefore, exclude the presence of unreacted boron
in BN films.

3.5.7 C-V Measurements - The C-V characteristics of some reactively

sputtered BN films on unheated n-type siliqpn substrates are shown in

Fig. 75. Thicknesses are approximately 3000 &. A small hysteretic
effect is observed as the bias voltage is swept through a cycle and the
sense in which the hysteresis loop is traversed indicates some ion motion.
On application of a + 10 volt bias, the flat Band voltage (VFB) is

typically -8 V and the associated induced charge in the semiconductor is
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Fig. 73 Electron diffraction patterns of reactively
sputtered films which condense in an amorphous
state; (a) boron; (b) boron nitride.
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Fig. 74 Electron micrographs of reactively sputtered
films which condense in an amorphous state;
(a) boron; (b) boron nitride.
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approximately -7 x 1012 charges/cm2 (Ref. 62). As the voltage is increased
we note a progressive and irreversible shift of the flat band voltage to
more negative values, at 40 V bias VFB = -17 V, at 70 V bias VFB = -30 V.
A decrease in the value of capacitance (maximum in the accumulation
mode) is also noted after each sweep, the decrease being greater for
higher biases. The ultimate effect, if a sufficient number of sweeps
are traversed, is an apparent reduction of the capacitance to zero.
An inspection of the capacitor at this point revealed that the counter-
electrode (usually a 0.3 mm diameter aluminum pad) had vanished, thus
accounting for the gradual decrease of capacitance.

A voltage was next applied to an adjacent MIS structure so
that the effect on the counterelectrode might be followed. On application
of a small bias, + 20 V, a slight discoloring was observed at the edge
of the metallic aluminum pad. A larger bias, + 40 V, increased the
discolored (nonmetallic appearance) region gradually and an even larger,
+ 70 V bias, produced a fairly rapid change culminating in the complete
disappearance of the metallic electrode. On the tentative assumption that
field-induced aluminum diffusion into a porous film was the cause of the
observed effect, a portion of the nitride film was counterelectroded with
sputtered tantalum (a more refractory and less mobile metal). There
appeared good stability of the C-V loops up to biases of + 20 V. When
higher biases were applied, however, the capacitance began to decrease
once more. Although the BN films deposited on unheated silicon substrates
seem apparently porous to metal atom diffusion, they exhibited considerable

dielectric strength showing no evidence of spontaneous breakdown even
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when biased at + 100 V (3 x lO6 V/cm). Films prepared at intermediate
temperature, ~500°-600°C, behaved less erratically and data are shown
in Fig. 76. Ion motion is again predominant and the associated induced
charge is -6.3 x lOll charges/cmz. Films deposited at the highest
temperatures of preparation, ~1000°C, frequently suffered breakdown at
low applied voltage (WS V). Analysis of the C-V trace from such break-
downs indicates that breakdown occurs at a Schottky barrier (metal-
semiconductor junction). Contact between the counterelectrode and the
semiconductor seems possible if the dielectric contains voids or is
porous. Since the intermediate temperature data seem most promising,

future studies might well concentrate in this area.

3.6 Discussion

The excellent chemical stability of reactively sputtered ALIN
films enabled a wide variety of measurements to be made. Included were
X-ray and electron diffraction studies, optical absorption measurements,
registivity, capacitance, I-V and C-V measurements and evaluations of
piezoelectric properties.

Since the films comprised oriented arrays of small crystals,
it is not surprising that many of the observed results bear some
resemblance to data from hot pressed ceramic AIN as well as from small bulk
single crystals. In general, the resemblance is mnearest that of the
latter. Dielectric properties are less affected by a temperature excursion
than are those of the hot pressed form and suggest the absence of
conducting impurities. I-V behavior seems consistent with a space-charge-

limited mechanism and C-V data suggest the possibility of "built-in"
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dipoles which display the motions of both positive and negative ions
when subjected to electrical stresses.

The most obvious physical anomaly noted, the shift of the
optical absorption edge in as-deposited, diode sputtered films, bears
a marked resemblance to the bulk data obtained by Cox, et al. (Ref. 56).
Nitrogen deficiency initiated by argon occlusion offers an acceptable
cause especially since the bulk parameter can be attained by subsequent
annealing in a pure nitrogen ambient.

Although perfect epitaxy is not generally achieved in deposits
onto A1203 surfaces, piezoelectric measurements were made using films
which showed strong fiber-texture orientations. Some data indicated
strong electromechanical response and allowed comparison with previously
examined CdS layers. At best, the AIN films compare favorably.

Mixed films of AIN-BN and AlN—SiBN4 were prepared in attempts
to disrupt the long-range crystalline order of AIN films. The experiments
were only partly successful in that disorder was never complete up to the
stage where properties began to deviate from those of AIN.

BN, the boron analogue of AlN, was studied as a separate
entity. Prepared by the reactive sputtering of high purity boron, films
of BN show bulk values of dielectric constant. Dielectric loss while
appearing high in very thin films, t < 500 A, is similar, for films of
greater thickness, to values observed for pyrolytic deposits. The

BN films are structurally less crystalline than AIN films. Some measured or

deduced parameters differ from those reported for bulk samples; bulk

material appears to be highly anisotropic. The position of the optical
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absorption edge, for example, approximates a valge more consistent
with a theoretically isotropic sample. Deduced lattice parameters
differ somewhat from reported bulk values and are thought due to
structural disorder, non-stoichiometry or possible disruption of short
range order by argon occlusion.

Although some ion motion is associated with C-V behavior of
BN/Si, the amorphous character of the films coupled with high
resistivities suggests a further look at this material for use in

MIS-device application.

4. CONCLUSIONS

4.1 Evaporated films of AlAs and AlP have been prepared for the
first time and the conditions of deposition leading to stoichiometric
compositions have been defined. These conditions differ from those used
for other III-V compound films due to the high decomposition temperatures
of the Al-compounds.

4,2 The structural and optical properties of the vacuum deposited
Al1Sb, AlAs and AlP films agree with the corresponding bulk properties.
These properties degfade, however, when the films are exposed to moist
air environments.

4.3 Resistivities measured in the antimonide, arsenide and
phosphide, before deterioration were comparable to bulk values. Mobilities,
however, were very low and were attributed to the grain boundaries inherent
in films made up of small crystallites. This fact, together with the
difficulties encountered in developing epitaxy, indicate that Al-V films
grown by vacuum deposition are not attractive for the manufacture of the

junctions.
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4.4 Films of AIN have been sputtered for the first time in
residual ultra-high vacuum environments. A full range of preferred
orientations, none to epitaxial, were observed on a variety of substrates.

4.5 The structural, electrical and dielectric properties of AIN
films compared favorably to those of bulk polycrystalline and single
crystal materials. The dielectric properties appeared to surpass those
of sintered, polycrystalline AIN at high temperature.

4.6 Optical properties showed that the absorption edge in
sputtered AIN is a function of substrate temperature and the composition
and pressure of the sputtering atmosphere. Films deposited in an
argon-nitrogen mixture unbalanced heavily in favor of argon showed strong
absorption characteristics as low as 3.4 eV. Annealing at high temperatures
restored the absorption edge to a bulk value of 5.9 eV. As-deposited
films were thus believed to contain occluded argon which gave rise to a
nitrogen deficiency condition.

4.7 Although the reproducibility of microwave acoustic measurements
for a series of reactively sputtered AIN films was rather poor, the overall
data from such measurements indicated that the best films display
piezoelectric properties which rival those of highly ordered CdS films.
Causes of the inconsistencies appear associated with either poor substrate
interfaces or possible substrate contamination.

4.8 Efforts to determine the optical absorption coefficient, o,
of AIN using oriented films were unsuccessful due to an inherent property,
viz., the mosaic structure of such films. Light scattering at grain

boundaries increases o by at least an order of magnitude.
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4.9 Mixed films of ALN-BN were prepared and analyzed for percentage
of boron content. In films prepared at 900°C, lattice paramefer data
suggest that not more than 6 - 7-1/2% boron is taken into the AIN lattice.
The solid solution still retains a wurtzite structure but with cell
dimensions smaller than that for AILN. BN as a separate excess phase is
observed in deposits where the Al/B ratio is 2.4/1.

4,10 Mixed films of AlN—SiBN4 retained properties similar to
those observed for pure AIN. Deposits in which the Al/Si ratio was 1/1
were almost amorphous and showed I-V characteristics which indicated
space-charge limited behavior.

4,11 BN films, prepared by reactive sputtering from high purity
boron targets, displayed dielectric properties which equalled or excelled
those of bulk or pyrolytically prepared BN. Unlike bulk material, the
sputtered films were predominately isotropic (electron diffraction and
u.v. absorption data). The absorption edge of sputtered BN is associated

with a band gap of 5.72 eV.
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6. APPENDIX (NEW TECHNOLOGY)

Preparation of Stoichiometric Al-V Films
by Three Temperature Evaporation

The following conditions were used to ensure the preparation
of stoichiometric evaporated films of the compounds AlSb, AlAs and AlP.
Al source temperatures should be in the range 1000-1200°C to provide
incidence rates up to 100 monolayers per minute. The Group V element
should be screened from the Al source to prevent formation of the
compound at the surface of the melt. Adjustment of the source temp-
eratures should be such that the Group V element flux is 1 to 1.5 times
that for Al. Substrate temperatures must be greater than 700°C, high
enough to prevent or reduce significantly the deposition of Al alone.
The upper limit for the substrate temperature is set only by the
decomposition temperature of the respective compound.

More detailed data are given for the individual compounds in

Sec. 2.1.1 (Al1Sb), Sec. 2.3.1 (AlAs) and Sec. 2.4.1 (AlP).
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